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ABSTRACT

Chapter 1

The synthesis of group 4 complexes containing diamido/ether ligands, [(RN-0-CgHyg)2012
(IRNON]?; R = Cy, Bde, Mes), is presented. These ligands are obtained straightforwardly from
the reaction of O(0o-CgH4NH>7); with cyclohexanone, 1,2-bis(chlorodimethylsilyl)ethane, and
mesityl bromide, respectively. The reactions between in situ prepared Lio[RNON] (R = Cy, Bde,
Mes) and TiCly(NMe»); yield [RNON]Ti(NMe;)2 (R = Cy, Bde, Mes), which subsequently reacts
with Me3SiCl to give [RNON]TiICI; (R = Cy, Bde) and [MesNON]TiCI(NMej). Zirconium and
hafnium dichloride complexes, [RNON]MCI, (M = Zr, R = Cy, Mes; M = Hf, R = Mes), are
readily obtained from the reactions between Ho[RNON] and M(NMe;)4 followed by addition of
Me3SiCl. Several dialkyl complexes containing [CyYNON]2- and [MesNON]2- are readily prepared
by alkylation of the dichlorides, including B-hydrogen containing dialkyl complexes. An X-ray
study of [MesNON]HfNp; reveals an approximately square pyramidal structure with one
neopentyl ligand on the apical position. Decomposition of [CyNON]Zr(CH2CHR3), (R =H, Me)
in the presence of PMe3 yields [CyNON]Zr(n2-CoHaR2)(PMes);. Activated [CyNON]ZrMe; and
[MesNON]ZrMej react with 1-hexene catalytically, but B hydrogen elimination or 3 hydrogen
transfer relative to chain propagation is significant in either case. Hp[BdeNON] reacts
with ZrR4 (R = CH,Ph, CH,;SiMes) and Zr(NMejy)s to give Zr[BdeNON],; and
[BdeNON]Zr(NMej)2(HNMej), respectively. Addition of pyridine or 2,4-lutidine to
[BdeNON]Zr(NMe»3),(HNMe,) produces [BdeNON]Zr(NMey)2(L) (L = py, lut), which is readily
converted to [BdeNON]ZrCl,(py) with Me3SiCl. Addition of one equivalent of Cp*Li or two
equivalents of RMgCl (R = CH;SiMes, CHCMe,Ph) to [BdeNON]ZrCly(py) yields
[BdeNON]ZrCp*Cl and [BdeNON][BdeNON']ZrR>, respectively. An X-ray study of
[BdeNON][BdeNON']Zry(CH,SiMe3); shows it to contain a bridging methine between the two
zirconium centers as a consequence of double C-H activation of SiCH3 in [BdeNON]?-.



Chapter 2

A series of tridentate amido ligands including diamido/ether [(RNCH,CH3);0]2-
([RN,O]2"; R = t-Bu, Ad, Ph, Ar; Ar = 2,6-CgH3Me;), diamidoamine [(C¢FsNCH,CHj3);NR]?-
([ATFN,NR]2-; R = H, Me), and triamido [(AryINCH,CH3),N]3- ([AryIN,N]3-; Aryl = ArF, Mes)
are employed for the synthesis of group 5 complexes. TaMes reacts with Hy[RN2O] (R = t-Buy,
Ad, Ph, Ar) and Hp[MesNoNH] to yield [RN2O]TaMe3 and [MesNoN]TaMe;, respectively.
Reaction between TaMes and Hy[ArFN,NH] yields [ArTFN,NH]TaMe3, which subsequently
eliminates methane to give [ArFN;N]TaMe;. The NMR spectra of [ArFN;N]TaMe, reveal a
quintet resonance for the methyl ligands as a consequence of the interaction with four fluorine
atoms in the CgF5rings. An X-ray study of [ArFN,N]TaMe; shows it to have a trigonal
bipyramidal structure with [ArFN;N]3- being virtually planar and a close contact between tantalum
and ortho fluorine atoms (average 2.432 A). Dimethyl [MesNoN]MMe, (M = Ta, Nb) can be
synthesized directly from metal pentachlorides, Ho[MesN;NH], and five equivalents of MeLi or
MeMgl. Reaction between MeLi and [ArFN;NH]TaMej; followed by addition of MeOTT yields
[ATFN;NMe]TaMes. Several cationic tantalum dimethyl complexes are isolated. An X-ray study
of {[ArFN,;NH]TaMe;} {MeB(CgFs)3} reveals a mer structure for the diamidoamine ligand with
the amino nitrogen being only modestly distorted from planarity. No reaction is observed between
1-hexene and the cationic tantalum complexes reported in this chapter.

Chapter 3

The catalyst design for a-olefin polymerization involves group 4 complexes containing
diamidoamine ligands, [(MesNCH,CH;),NR]?- ([MesNoNRJ2-; R = H, alkyl). Reaction between
Zr(NMejy)4 and Hp[MesN,NH] produces [MesNoNH]Zr(NMejy);. The NH proton in
[MesN,;NH]Zr(NMej)2 can be removed by MeLi; subsequent addition of Mel, PhCH,Br, or
CeF5CHyBr produces [MesNoNR]Zr(NMe3), (R = Me, Bn, BnF). Dihalide [MesN,NR]ZrX; (R
=H, Me, Bn, BnF; X = Cl, I) is readily obtained by treatment of [MesN,NR]Zr(NMe;); with Mel
or Me3SiCl; subsequent alkylation yields mono- or dialkyl complexes such as [MesNoNH]ZrMej,
[MesNoNH]ZrNpCl, and [MesNoNMe]ZrMe,;. The dimethyl [MesNoNH]MMe, (M = Ti, Zr, Hf)
can also be synthesized by formation of an adduct between Hp[MesN,NH] and metal tetrachlorides
followed by addition of four equivalents of methyl Grignard reagents. Deprotonation followed by
electrophilic alkylation of the amino nitrogen in [MesNoNH]MMe; yields [MesNoNR]MMe, (M =
Ti, R = Me; M = Zr, R = Me, Bn, BnF). An analogous dibenzyl [MesN,NMe]Zr(CH;Ph); is
obtained in a similar manner. X-ray studies of [MesN,NH]ZrMej and [MesNoNMe]ZrMe; reveal
a mer structure for these diamidoamine ligands and the amino nitrogen in [MesNoNMe]?- is
virtually tetrahedral. Activated [MesN,NR]ZrMe; (R = H, Me, Bn, BnF) complexes are active



catalysts for polymerization of 1-hexene. The number average molecular weight of poly(1-hexene)
obtained with [Ph3C][B(CgF5)4] activated [MesNoNH]ZrMe, maximizes at ~17000, while that
with [MesNoNMe]ZrMe; at ~28000. Molecular weight distribution is found in the range of 1.1-
1.5. Controlled polymerization with the [MesN2NMe]ZrMe; initiator reveals that the cationic
species is active up to 30 °C.

Thesis Supervisor:  Dr. Richard R. Schrock
Title: Frederick G. Keyes Professor of Chemistry
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General Introduction

Since the structure of "the iron sandwich" was discovered in 1952,1’2 Cp and its
derivatives (mostly Cp*) have been used tremendously in organometallic chemistry.3'9
Subsequently, a rich harvest in Cp chemistry from an unusual number of interdiscipline chemists
has been re:aped.3‘19 The search for alternatives to Cp-based ligand systems which can facilitate
the isolation of new transition-metal, lanthanide, and actinide complexes has been of great interest
in the last decade.?%-22 Particularly successful have been the sterically bulky chelating
[(R;PCH,SiMe,)oNT-,23 [(RNCHCH,)3N13-,2427 and [(RNCH2)3CR'13-283! amide ligands
which form a variety of complexes across the d- and f-block elements.

Group 4 metallocenes have been the catalysts to produce polyolefins commercially since the

early 1990s.8-32-35 The search for alternative ligands for group 4 metallocenes has focused on

36-38 39-42

tetradentate Schiff
49

tetraaza macrocycles,
4

nitrogen-containing ligands such as porphyrins,

43-46 8 and benzamidinates.

bases, o-phenylenediamides,47 (hydroxyphenyl)oxazolines,
However, no significant ethylene polymerization activities have been reported. The polymerization
activity of putative [CppZrR]* with ethylene is high, but that with a-olefins is relatively slow. A
linked Cp-amide complex such as {[(13-C5Me4)SiMez(N-t-Bu)]TiR }*+ incorporates a-olefins
more readily,5 0 presumably due to the more accessible coordination sphere and higher
electrophilicity of the cation. Chelating diamide ligands have shown to stabilize the propagating
species during the polymerization. Activated (ArleCH2CH2CHzNAryl)zTiMe?,51 and
[t-BuNON]ZrMe25 253 reveal the living polymerization of 1-hexene under appropriate condition's.

We became interested in investigating tridentate amido chemistry for early transition metals.
Scheme 0.1 illustrates the family of the tridentate amido ligands. A systematic ligand design
involves the variation of amido substituents, ligand backbones, and the donor atom/groups.
Abbreviations [RN2L]2- and [RNLN]?- (R = alkyl, aryl; L = O, S, NR', PR’) are used to represent

the diamido/donor ligands which contain ethylene and o-phenylene backbone, respectively. The

ligands employed in this thesis focus on diamido/ether and diamidoamine derivatives. The

16



General Introduction
synthesis of group 4 and 5 complexes is presented. In group 5 chemistry, trianionic triamido
ligands, [RN,N7]3- and [RNNN]3-, are also investigated (only [RN)N]3- is discussed). Activated
dimethyl complexes are primarily used to investigate the catalytic activity of co.-olefin
polymerization. 1-Hexene is chosen to be the monomer for polymerization on the basis of the
precise control of its stoichiometry and the better solubility of poly(1-hexene) in common solvents

as compared to poly(ethylene).

backbone = ethylene,
o-phenylene R

/_ g/ substituent = alkyl,
aryl
donor = O, \ ©

Scheme 0.1. Representation of a family of tridentate amido ligands.

Chapter 1 begins with the synthesis of group 4 complexes containing diamido/ether ligands
followed by the catalytic reactions of the activated zirconium dimethyl complexes with 1-hexene.
Chapter 2 covers group 5 chemistry based on tridentate amido ancillaries, including the
diamido/ether, diamidoamine, and triamido ligands. In chapter 3, the synthesis of group 4
complexes containing diamidoamine ligands is presented, as well as the polymerization of
1-hexene by activated zirconium dimethyl complexes. The goals of this thesis are two-fold: (1) to
demonstrate that the organometallic chemistry derived from the diamido/donor ligand system can
be as abundant and as significant as metallocene chemistry, with the advantage that the former is

far easier to functionalize; (2) to show that the catalytic polymerization activity of these tridentate

17



General Introduction
amido complexes with 1-hexene can be fine-tuned by changing the steric and electronic properties
of the ligands and by employing different transition metals. A great deal of chemistry in this thesis
focuses on structure investigation in both solid state and in solution in order to understand the

relationship between the structures of these organometallic complexes and polymerization catalysis.

18



Chapter 1

Synthesis of Group 4 Complexes Containing Diamido/ether
Ligands

INTRODUCTION

Our research group has focused on the chemistry of triamidoamine complexes,24 largely of
Mo or W.5438 While the well-defined apical pocket enables the stabilization of otherwise elusive
molecular structures (e.g., trigonal monopyramid)5 9.60 and provides the opportunity to investigate

its reactivity (e.g., dinitrogen chenlist,'cy),61'64

it seems to limit the scope of chemistry that can only
occur in the pocket if the triamidoamine does not get involved. One way to increase the reactivity
is to cut off the "linker" amino nitrogen and still maintain the original trianionic format by
employing three monodentate amido ligands. Early transition metal complexes containing three

N-t-buty] anilides have proven significant,ﬁs'68 69,70

particularly for the cleavage of dinitrogen.
Another way involves the removal of one amido "arm" to open the coordination sites from the
tripodal claw. The ligand thus becomes tridentate diamido/donor with a decrease of formal charge
by one from the triamidoamine ligand. Group 4 complexes that contain the diamido/ether ligands
of the type [ArylIN20]2- and [t-BuNON]?- have shown activity for o-olefin polymerization.5 2,71.72
Perhaps the most important and attractive feature is that the zirconium complexes of [t-BuNON]?-

are shown to polymerize 1-hexene in a living fashion, even after a given quantity of 1-hexene is

consumed.>>

19



Chapter 1

X-ray studies showed the structures of five coordinate [t-BuNON]ZrMe, and
B(CgFs)3-activated [t-BuNON]ZrMe; to be distorted trigonal bipyramid in which the amido
nitrogens occupy equatorial positions and the two Me groups are inequivalent (a fac form in
equation 1.1). However, the two Me groups in [t-BuNON]ZrMe; equilibrate rapidly on the NMR
time scale in solution, even at -80 °C, presumably via a mer structure with C; or Cyy symme:try.5 2
We began to suspect that the success of [t-BuNON]ZrMe; in polymerization is because of the
steric crowding of the t-butyl groups, that a fac structure is required for the development of active
species for a-olefin polymerization, and that the substituent on the amido nitrogens may not
necessarily be an alkyl. We set out to test these ideas by preparing several diamido/ether ligands in
which the ligand backbone is the same as that in [t-BuNON]2- so as to only understand the nature

of the amido substituents.

QT |
Me n,
— o -B - M——
o 1}/I‘Me — P N/l}d Me (1.1)
ST
NG
mer fac

SPECIFIC GOALS

A set of ligands employed in this study is shown in Scheme 1.1. Hp[CyNON] was
designed with the intent of realizing the importance of the steric crowding imposed by t-butyl
groups in [t-BuNON]2-. (An analogous iso-propyl ligand was also investigated at about the same
time of this study.73) H>[BdeNON] was designed to impede the fluxional exchangé process
between fac and mer structures in solution by connecting the two equatorial nitrogens in a fac

form. It was assumed that the oxygen coordination is strong enough to maintain the tridentate

20



Chapter 1
feature for the diamido/ether ligand and that the N--N linker is short enough to preclude the axial
methyl ligand (in a fac form shown in equation 1.1) from penetrating underneath it. The ultimate
goal of this specific design is to "fix" the diamido/donor structure to be fac. Mesityl derived
H>[MesNON] provides an opportunity to examine the polymerization activity by affording
different steric and electronic properties from t-butyl. The benefit of the arylated derivatives is that
they can be far more easily fine-tuned sterically and electronically as compared to their alkyl
counterparts. Preliminary study only focuses on mesityl which is reasonably bulky, although

more sterically demanding substituents may be available.

zm L‘-UZ
ZT Tz

/\ /\

H
O
@ QH O
N
H,[CyNON] H,[BdeNON] H,[MesNON]

Scheme 1.1. The diamido/ether ligands employed in this study.

RESULTS

1.1 Synthesis of Ho[RNON] (R = Cy, Bde, Mes).

Scheme 1.2 summaries the synthesis of these diamido/ether ligands. Condensation
between cyclohexanone and O(0-CgH4NH3); in acetic acid in the presence of excess zinc at 65 °C
cleanly affords Ho[CyNON] in ~90% yield. A similar condition has been reported for the
synthesis of aniline derivatives.’* H,[CyNONT] is an air stable, yellow viscous oil that is soluble

in common solvents; it occasionally crystallizes at room temperature after several weeks.
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Lithium anilide O(o-C¢H4NHLIi), was prepared in situ by addition of two equivalents of
n-BuLi to O(0-CgH4NH>),; it subsequently reacted with 1,2-bis(chlorodimethylsilyl)ethane in
THF with a high dilution technique75 to give crystalline Hy[BdeNON] in ~70% yield. Without the
high dilution technique, the desirable product was obtained in a relatively low yield (~20%),

presumably due to the formation of oligomeric chains.

0]

S~
o) (if) N

H,[CyNON] H,[BdeNON] H,[MesNON]

Scheme 1.2. Synthesis of the diamido/ether ligands. Conditions: (i) 2 equiv. cyclohexanone,
excess Zn, AcOH, 65 °C. (ii) 2 equiv. n-BuLi, THF, -78 °C; CIMe,SiCH,CH,SiMesCl, THF,
25 °C. (iii) 2 equiv. MesBr, cat. Pdy(dba)s, cat. rac-BINAP, excess NaO-t-Bu, toluene, 95 °C.

H,[MesNON] can be synthesized in ~70% yield by a palladium catalyzed C-N
bond-forming reaction between O(0-CgH4NH3); and two equivalents of mesityl bromide in a
condition similar to those reported by Buchwald and co-workers.’® The aniline arylation reaction
appears to be slow; it requires a more vigorous condition to lead to a complete conversion as
compared to its aliphatic amine analogues.77 Pale yellow solid Hy[MesNON] is stable in the air
and soluble in essentially all regular solvents.

All NMR data of these compounds are consistent with Cp, symmetric structures. For

instance, the !H NMR spectrum of H[BdeNON] exhibits one singlet resonance at 0.70 ppm for
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CH, and one singlet at 0.03 ppm for SiCH3. The 1H NMR spectrum of Hy[MesNON] shows one
singlet resonance at 2.09 ppm for the ortho mesityl methyl groups. IR spectroscopy confirms the
NH absorption for these molecules, e.g., 3412 cmr! for Hy[CyNON]. Satisfactory molecular ion

signals are observed from high resolution mass spectroscopy for these compounds.

1.2 Entry into titanium chemistry; reactions involving TiClo(NMe2)2.

Attempts to synthesize titanium complexes containing the diamido/ether ligands mentioned
above involving salt metathesis between TiCl4(THF); and Lio)[RNON] (R = Cy, Bde, Mes) or
aminolysis between Ti(NMe»)4 and H2[RNON] were not successful. A general entry into titanium
chemistry for these tridentate amido ligands employs TiClz(NMez)z.’]8 Addition of two equivalents
of n-BuLi to Ho[RNONT] in diethyl ether followed by addition of TiClp(NMe, ), leads to
[RNONI]Ti(NMe>); as purple to red crystalline solids in moderate to high yields (equation 1.2).

Et,0
Li,[RNON] + TiCL,(NMe,), >  [RNON]Ti(NMe,), (1.2)

R = Cy, Bde, Mes

The NMR data of [CyNON]Ti(NMe;y); and [MesNON]Ti(NMe,); are consistent with Cpy
symmetric structures. The two dimethylamide ligands in [RNON]Ti(NMe>); (R = Cy, Mes) are
equivalent at room temperature on the IH NMR time scale, suggesting a mer geometry for the
diamido/ether ligands or a fac in which the two NMe; ligands undergo a fluxional exchange
process shown in equation 1.1. The IH NMR spectrum of [BdeNON]Ti(NMe3)2, however,
exhibits two singlet resonances at 3.26 and 2.63 ppm for the NMe ligands and two diastereotopic
resonances at 1.21 and 0.94 ppm for the methylene groups (in a CHAHB pattern), indicating a
mirror plane that bisects the [BdeNON]?- ligand and a fac structure for the [BdeNON]?- ligand in

which the oxygen donor is bound to the metal.
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1.3 Reactions between [RNON]Ti(NMej); and Me3SiCl (R = Cy, Bde, Mes).

The reactions between [RNON]Ti(NMey)2 (R = Cy, Bde) and an excess (3 equivalents) of
Me3SiCl in toluene lead to [RNON]TICl in high yields (equation 1.3). The formation of
[BdeNONI]TiCl; is complete at room temperature in hours, while that of [CyNON]TiCl; requires 3
days at 105 °C in order for a complete conversion of [CyNON]Ti(NMej);. The NMR data of
[CyNON]TiCl; and [BdeNON]TiCl, are all consistent with those observed for their
bis(dimethylamide) analogues, i.e., Cpy symmetry for [CyNON]TiCl; and Cg symmetry for
[BdeNONI]TiCls.

Me;SiCl

[RNON]Ti(NMe,), [RNONI]TICl, (1.3)

toluene

R =Cy, Bde

The formation of [MesNON]TiCl; seems to be more difficult. The reaction between
[MesNON]Ti(NMej)s and an excess amount of Me3SiCl in toluene at 110 °C leads to red
crystalline [MesNON]TiCl(NMej) in quantitative yield (equation 1.4). This reaction requires 6
days for a complete conversion. Attempts to employ more harsh conditions did not efficiently give
[MesNON]TiCl; in a considerable yield, although the dichloride can be spectroscopically observed
in a mixture containing [MesNON]TiCl(NMe,) after months.

Me;SiCl

[MesNON]Ti(NMe,), - [MesNONITiCI(NMe,) (1.4)
toluene, 110 °C

Attempt to synthesize [MesNON]TiCl, by aminolysis between TiClpy(NMej), and
H,[MesNON] yields a mixture which contains Hy[MesNON] and [MesNON]TiCl(NMe>) in a
ratio of 1:1 according to its 1H NMR spectrum. [MesNON]TiCl(NMe;) can be selectively

crystallized from the mixture as red rocks in 48% yield. A rationalized reaction is shown in
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equation 1.5. Attempts to react [MesNON]Ti(NMey), with ethereal HCI led to protonation of
[MesNON]?- ligand.

H,[MesNON] + TiCl,(NMe,),

CeDs
_ 0.5 [MesNON]TiCl(NMe,) + 0.5 H,[MesNON]

(1.5)

+ O05TiNMe,)Cl; + HNMe,

The 1H NMR spectrum of [MesNON]TiCI(NMe;) exhibits three singlet resonances at
2.37,2.15, and 1.98 ppm for the mesityl methyl groups, and one singlet resonance at 2.58 ppm
for the dimethylamide ligand. It is likely that the structure of [MesNON]TiCl(NMe;) contains only
one mirror plane which bisects the [MesNON]2- ligand and that the mesityl rings in [MesNON]2-
do not rotate readily on the NMR time scale. The possibility of a dimeric structure that contains

two bridging chlorides cannot be eliminated.

1.4 Entry into zirconium and hafnium chemistry; reactions involving M(NMej)4 (M = Zr, Hf).
H)[CyNON] and Hp[MesNON] react with Zr(NMe2)479 in pentane or diethyl ether at room
temperature to give [CyNON]Zr(NMey); and [MesNON]Zr(NMe;),, respectively, in quantitative
yields according to their 1H NMR spectra. [MesNON]Zr(NMe;); seems to be more crystalline
than the cyclohexyl analogue, as the former can be isolated as colorless cubic crystals quantitatively
while the latter can be isolated in only ~70% yield. Subsequent addition of an excess (~3 to 4
equivalents) of Me3SiCl to [RNON]Zr(NMe;); in toluene yields [RNON]ZrCl; in high yields (R =
Cy, Mes; equation 1.6). When the synthesis of [CyNON]ZrCl; is performed in diethyl ether,
[CyNON]ZrCly(OEty) is obtained according to its IH NMR spectrum (3.53 ppm for OCH,CHj3
and 0.63 ppm for OCH;CH3 in CgDg). However, the coordinated diethyl ether disappears upon
recrystallization of the dichloride in toluene, perhaps as a consequence of formation of

{[CYyNON]ZrCl,}2 in the solid state. Analogous hafnium complexes can be synthesized in a
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similar manner. For instance, [MesNON]JHfCl; is obtained in two steps in ~70% overall yield. In
general, the isolation of pure dichloride complexes can be achieved simply by treatment of a
concentrated toluene solution of a reaction mixture with pentane to precipitate the dichloride

products.

M(NMe), Me;SiCl
H,[RNON] > [RNON]M(NMe,),
pentane or Et,0 toluene

[RNON]MCl, (1.6)

R=Cy,M=Zr
R =Mes, M =Zr, Hf

In contrast to the chemistry found for [CyNON]2- and [MesNON]?2-, [BdeNON]?- seems to
require an external base to stabilize its zirconium complexes. Reaction between H[BdeNON] and
Zr(NMej)4 in pentane leads to a dimethylamine adduct, [BdeNON]Zr(NMej)2(HNMey), as
colorless crystals in ~90% yield (equation 1.7). The coordinated dimethylamine appears to be
strongly bound to zirconium since it remains unchanged under dynamic vacuum (~30 mTorr) at
100 °C over a period of 24 hours.

Several attempts to convert [BdeNON]Zr(NMe;),(HNMe,) to a dichloride complex with
excess Me3SiCl or Mel lead to a decomposition from which Hy[BdeNON] is observed by 1H
NMR spectroscopy, presumably due to the protonation of HNMe;. The NH proton in
[BdeNON]Zr(NMes)2(HNMe,) can be removed by n-BuLi in diethyl ether to give what we
formulate as {[BdeNON]Zr(NMe3)3 }Li(OEty)x according to its IH NMR spectrum. Addition of
an excess of Me3SiCl to this ethereal complex results in intractable materials which are essentially
insoluble in ordinary solvents. The dimethylamine ligand in [BdeNON]Zr(NMe;)>(HNMe»),
however, can be replaced by pyridine or 2,4-lutidine to give a pyridine or lutidine adduct in
quantitative yields (equation 1.7). Attempts to employ 2,6-lutidine were not successful.
Subsequent addition of an excess of Me3SiCl to [BdeNON]Zr(NMej)2(py) affords

[BdeNON]ZrCla(py) in 92% yield. Attempts to synthesize a base-free zirconium dichloride
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complex involving ZrCls(THF); and Lip[BdeNON] or ZrCla(CH,SiMe3), and Hp[BdeNON]

were not successful.

Zr(NM62)4 Me3SlCl
H,[BdeNON] [BdeNON]Zr(NMe,),(L) [BdeNON]ZrCly(py) (1.7)
L=HNMe, ——
L= py

2.4-lutidine

At room temperature, the lH NMR spectrum of [BdeNON]Zr(NMe;)>(HNMe») exhibits a
broad singlet resonance centered at 2.86 ppm ascribed to the two dimethylamide ligands. Variable
temperature study shows that this broad signal splits into two sharp singlet resonances at
temperatures < -20 °C but becomes one sharp singlet at temperatures > 60 °C, suggesting a
hindered rotation for the two dimethylamide ligands. The estimated activation energy AG? for this
hindered rotation is ~14.03 Kcal mol-! (T; =30 °C, A5 = 237.5 Hz).go’81 A similar phenomenon
is also observed for the pyridine or lutidine adduct. In [BdeNON]Zr(NMe3),(L) (L = pyridine or
2,4-lutidine), two broad singlet resonances are observed for the two dimethylamide ligands in the
IH NMR spectra at room temperature (L = pyridine, centered at 3.04 and 2.76 ppm; L =
2,4-lutidine, centered at 3.19 and 2.71 ppm). Variable temperature NMR experiment of
[BdeNON]Zr(NMej)2(py) indicates a rotational activation energy AG* of ~16.05 Kcal/mol (T =
65 °C, A5 = 147.0 Hz)®®3! about the two Zr-NMe, bonds. All NMR data of
[BdeNON]Zr(NMe»)>(L) and [BdeNON]ZrCly(py) are consistent with structures that have a
mirror plane. These complexes are all proposed to have a pseudo-octahedral structure which
contains a fac [BdeNON]?- with the oxygen donor being trans to the nitrogen atom in the

coordinated dimethylamine, pyridine, or lutidine.
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1.5 Synthesis of dialkyl complexes containing [CyNON]2- and [MesNON]2-.

The reaction between Hp[CyNON] and Zr(CH;SiMe3)4 in toluene or benzene at room
temperature yields pale yellow crystalline [CyNON]Zr(CH,SiMe3); in 70% yield (equation 1.8).
In contrast, attempts to react Hy[CyNON] with ZrBng or ZrNp4 (Bn = CH2Ph, Np = CH;CMes;
70 °C for 3.5 days and 70 °C for 7 days, respectively) lead to a mixture which contains the desired
products according to their IH NMR spectra; however, attempts to selectively recrystallize the
products proved difficult.

Zr(CH,SiMe;),
H,[CyNON] >~  [CyNON]Zr(CH,SiMe;), (1.8)

Dialkyl complexes are best obtained by alkylation of the dichloride complexes.
[RNON]MCI; reacts with magnesium or lithium reagents in diethyl ether or toluene to give the
corresponding dialkyl complexes, [RNON]JMR'; (R = Cy, Mes), in moderate to excellent yields
(equation 1.9, Table 1.1). Alkylation of [MesNON]TiCI(NMe;) was not attempted since it does
not parallel the other reactions discussed here. The choice of alkylating reagent appears to be
important in certain cases. For instance, attempts to prepare [CyNON]ZrMe, with MeMgCl
instead of MeMgI led to a mixture which made purification of the product relatively more difficult.
The 1H and !3C NMR spectra of the dialkyl complexes are all consistent with structures that have
two mirror planes. Variable temperature NMR studies of [CyNON]ZrMe; and [MesNON]ZrMe,
exhibit only one sharp singlet resonance for the two methyl ligands at temperatures between -80
and 90 °C. The 'H NMR spectrum (500 MHz, -80 to 90 °C) of [MesNON]ZrMe, reveals one
singlet resonance for ortho mesityl methyl groups, which is in contrast to the inequivalent ortho
methyl groups observed for [MesNON]TiCI(NMej). The 13C NMR spectra of [MesNON]ZrPh;
and [MesNON]HfPh; reveal four resonances for the phenyl ligands, suggesting that the two
phenyl ligands are equivalent on the NMR time scale; the ipso carbons are found as a singlet

resonance at 191.70 and 205.28 ppm, respectively.
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solvent
[RNONJMCl, + 2R'Lior RMgX > [RNON]MR', (1.9)
-30 to 25°C
R =Cy, Mes

Table 1.1. Synthesis of dialkyl complexes according to equation 1.9.

[RNON]MCI, RLi/R'MgX Solvent [RNON]MR'", Yield (%)
[CyNONITiCl, MeMgl ErO [CyNON]TiMe; 47
[CyNONI]TiCl, (i-Bu)MgCl EtO [CyNONI]Ti(i-Bu)z 72
[CyNONITiCl, NpLi EtO [CyNON]TiNp2 80
[CyNON]ZrCl, MeMgl ErO [CyNON]ZrMe; 100
[CyNON]ZrClp EtMgBr EtO [CyNON]ZrEty 61
[CyNONI1ZCl, (i-Bu)MgCl PhCH3  [CyNON]Zr(i-Bu), 70
[CyNON]ZrClp NpLi Et,O [CYNON]ZrNp2 50
[CyNON]ZrCly BnMgCl PhCH3 [CyNON]ZrBny 70
[CYyNON]ZClp (CHCH=CH2)MgBr  EO [CyNON]Zr(CH2CH=CH3)2 50
[MesNON]ZrCly MeMgl EtO [MesNON]ZrMe; 85
[MesNON]ZrCl,  NpLi Et,O [MesNON]ZrNp> 83
[MesNON]ZrCly PhMgBr Et,O [MesNON]ZrPhy 92
[MesNON]JHfCl,  MeMgl ExO [MesNON]HfMe, 88
[MesNONJHfCl,  EtMgBr EtO [MesNON]HfEt) 88
[MesNONJHfCl;  (i-Bu)MgBr Et,O [MesNONJHf(i-Bu); 79
[MesNONJHfCl,  NpLi Et,O [MesNON]H{Np2 93
[MesNONJHfCl,  PhMgBr EnO [MesNON]HfPh; 95
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1.6 X-ray structure of [MesNON]HfNps,.

A single crystal of [MesNON]HfNp, was grown from a saturated solution of diethyl ether,
benzene, and pentane at -30 °C. An X-ray study of [MesNON]JHfNp; shows it to have an
approximate square pyramidal structure for the HfCoN>O core with the C(1) atom on the apical
position (Figure 1.1). The hafnium center is a little shifted above the equatorial plane and the bond
angles between Hf-C(1) and the four equatorial atoms are in the range from 107.0° to 110.4°,
except 97.5° for O-Hf-C(1) as a consequence of the steric repulsion between the two neopentyl
ligands. The two amido nitrogens are sp2-hybridized as evidenced by the sum of the angles
around them (N(1) = 359.6° and N(2) = 359.8°). The mesityl rings lie perpendicular to the plane
of the o-phenylene backbone with the dihedral angles of 90.7° and 89.5°. The dihedral angle
between O-Hf-N(1) and O-Hf-N(2) is ~145.6°, which is larger than the corresponding angles in
the fac structures of [ArN,O]JTiBnj (137°; Ar = 2,6-CgH3zMe,) and [ArN2S]ZrMe; (140°) but
smaller than those in the square pyramid of [i-PrINSN]ZrMe, (154°) and [(2,6-i-Pr2-
CeH3)N,OTHFEL (160°).7>83 The Hf-C(6) bond distance (2.225(7) A) is slightly longer than Hf-
C(1) (2.210(7) A), presumably because C(6) is virtually trans to the oxygen donor (O-Hf-C(6) =
155.1(3)°). The hafnium center lies on the plane of O/C(1)/C(6) (dihedral angle Hf/O/C(1)/C(6) =
179.6°). The orientation of the t-butyl groups on C(1) and C(6) suggests steric crowding between
the [MesNON]2- and neopentyl ligands. Nevertheless, the Hf-O, Hf-N,mide, and Hf-Co, bond
distances are all within ~0.02 A difference from those for [(2,6-i-Prp-CgH3)N,OTHfEt,.
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Bond Lengths Bond Angles

Hf-N(1) 2.114(6) C(1)-Hf-C(6) 107.4(3)

Hf-N(2) 2.093(6) N(1)-Hf-N(2) 127.7(2)

Hf-O 2.332(5) Hf-N(1)-C(11) 122.0(5)

Hf-C(1) 2.210(7) Hf-N(2)-C(41) 125.0(4)

Hf-C(6) 2.225(7) O-Hf-C(1) 97.5(2)
O-Hf-C(6) 155.1(3)

Dihedral Angles?
N(2)/O-Hf-N(1) 145.6 C(1)/O-Hf-C(6) 179.0
HE-N(1)-C(11)-C(16) 90.7 Hf-N(2)-C(41)-C(42) 89.5

Figure 1.1. An ORTEP drawing (35% probability level) of the structure of [MesNON]HfNpy,
with selected bond lengths (A), bond angles (deg), and dihedral angles (deg).  Obtained from a

Chem 3D model.
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1.7 Alkylation of dichloride complexes containing [BdeNON]2-.

Attempts to alkylate [BAeNON]TiCl; or [BdeNON]ZrCla(py) with one or two equivalents
of magnesium or lithium reagents (such as MeLi, MeMgCl, BnMgCl) did not prove successful.
These reactions are highly intractable and no isolated compounds can be identified so far. Salt
metathesis presumably takes place immediately upon treatment of the dichloride complexes with
alkylation reagents as evidenced by the observation of color change and salt precipitation from the
reaction solutions. Typically, a diethyl ether solution of dark purple [BdeNON]TiCl; becomes red
or orange, and yellow [BdeNON]ZrCly(py) turns to brown. It is likely that the hypothetical
[BdeNONIMR,.,Cly M =Ti, Zr; n = 0, 1) or [BdeNON]ZrR>_,Cl,(py) is unstable and tends to
decompose. Attempts to observe the presumed alkyl complexes by IH NMR spectroscopy at
-30 °C were not successful.

The reaction between two equivalents of Me3SiCH>2MgCl and [BdeNON]ZrCly(py) in
diethyl ether at -35 °C yields a pale yellow crystalline solid in ~50% isolated yield. (The yield is
calculated on the basis of the formula obtained below.) This crystalline compound can also be
obtained in ~70% isolated yield by addition of Lio[BdeNON] to ZrClo(CH2SiMe3); in diethyl ether
at -35 °C. (The fact that these two reactions produce the same product has been confirmed by
preparing a mixture solution of the two reaction products followed by examining this mixture
solution by IH NMR spectroscopy which shows identical spectrum to either original one.) Low
symmetry is recognized for this compound according to its complex !H and 13C NMR spectra
which make identification almost impossible. An X-ray study (see Section 1.8) establishes the
connection of this molecule and shows it to contain two zirconium metal centers with no
symmetry. Consistent with the equal stoichiometry employed for the starting materials, the
bimetallic zirconium complex contains essentially two [BdeNON]2- ligands with one of them being
transformed by double C-H activation of one of the silicon-bound methyl groups to result in a
methine bridging between the two zirconium metal centers. Therefore, this transformed ligand is
formally a tetraanion. The double C-H activation is consistent with the structure that contains only

two (instead of four) trimethylsilylmethyl ligands as a consequence of liberating two equivalents of
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tetramethylsilane. The two trimethylsilylmethyl ligands are found to coordinate to the same metal.

These reactions are summarized in equation 1.10, where [BdeNON'] stands for

[BdeNON]ZrCly(py) + 2 Me;SiCH,MgCl

-2 MgCl,
_py (1.10)
- SiMe,

0.5 [BdeNON][BdeNON']Zr,(CH,SiMe5),

-2 LiCl
- SiMe4

Li,[BdeNON] +  ZrCly(CH,SiMe;),

the transformed ligand with a formal charge of -4. The bridging methine group shows a singlet
resonance at 5.42 ppm in the 1H NMR spectrum and a doublet centered at 163.59 ppm
(with 1Jcyg = 106 Hz) in the 13C NMR spectrum. A similar reaction between
[BdeNONT]ZrCla(py) and two equivalents of PhMe;CCH,MgCl yields orange crystalline
[BdeNON][BdeNON']Zrp(CH2CMe,Ph); in ~50% yield, which reveals a singlet resonance at
4.88 ppm for the bridging methine in the 1H NMR spectrum. These NMR data
should be compared with those found for a bridging methine group in

{cyclo-ZrCHSiMe,NSiMe3[N(SiMe3)21}2 (Figure 1.2; 7.08 ppm for ZrCHZr, 201.4 ppm for

) Me3Si\ /SiMe3
N H N N/SiMe3

Si
N\L 1,
1lr C—Zr SI
Me:Si” N 1o
3 er—(lj/
N H

Me;Si” " SiMes,

Figure 1.2. The structure of {cyclo-ZrCHSiMe,NSiMe3[N(SiMe3)2]}2; see reference 84.
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ZrCHZr), which is obtained by thermolysis (60 °C, 0.01 mm) of mononuclear dialkyl
[(Me3Si)N]»ZrR; (R = Me, Et, CH3SiMe3) reported by Andersen. 3 Therefore, we propose that
the bimetallic complexes [BdeNON][BdeNON']ZraR, (R = CH3SiMes, CHCMe,Ph) are
thermodynamic products from the hypothetical [BdeNON]ZrR, which is analogous to
[(Me3Si)2N]2ZrRy, that the intermolecular decomposition of [BdeNON]ZrR, may be too fast and
intractable if R is a methyl, and that the decomposition may be prohibited by employing an alkyl
which is significantly more crowded than the trimethylsilylmethyl ligand.

We set out to test this hypothesis by applying pentamethylcyclopentadienyl as the sterically
demanding ligand if it is 7 bound to the metal. Addition of one equivalent of Cp*Li to dichloride
[BdeNON]ZrCly(py) yields yellow crystalline [BAeNON]ZrCp*Cl in ~50% yield (equation 1.11).
The NMR data of [BdeNON]ZrCp*Cl indicate a mirror plane that bisects the [BdeNON]?- ligand.
The Cp* ring is 1° bound to the zirconium center and rotates readily on the NMR time scale, as
evidenced by a singlet resonance at 1.66 ppm for Cs(CH3)s in the 1TH NMR spectrum and a quartet

resonance centered at 11.49 ppm for C5(CH3)s in the 13C NMR spectrum.

[BdeNON]ZrCl,(py) + Cp*Li ———> [BdeNON]ZrCp*Cl (1.11)

1.8 X-ray structure of [BdeNON][BdeNON']Zr,(CH;SiMe3);.

Figure 1.3 shows the structure of this bimetallic zirconium complex. Pseudo-octahedral
and pseudo-tetrahedral structures are found for the two zirconium centers. The Zr-O, Zr-Namide,
Zr-Cy bond lengths are all typical of zirconium complexes containing a diamido/ether
ligand.52’72’73 A fac geometry can be recognized in the Zr(1) core with the dihedral angle between

N(1)-Zr(1)-0O(2) and N(2)-Zr(1)-O(2) being 68.9°. This angle is much smaller than those found in
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\‘%‘ cl62) SW cis2)
CI53) -
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%?‘ Si(4 =D g;
cl48) IE)
clan
Bond Lengths
Zr(1)-N(1) 2.109(3) Zr(1)-N(2) 2.114(3)
Zr(1)-N(3) 2.154(4) Zr(1)-0(1) 2.365(3)
Zr(1)-0(2) 2.374(3) Z1(1)-C(28) 2.236(4)
Zr(1)-Si(2) 2.884(2) Z1(2)-C(28) 2.141(4)
Zr(2)-N(4) 2.082(4) Zr(2)-C(5) 2.229(4)
Zr(2)-C(6) 2.253(4) Zr(2)-C(22) 2.768(4)
Bond Angles
0(1)-Zr(1)-0(2) 82.27(9) N(1)-Zr(1)-N(2) 95.85(13)
Zr(1)-C(28)-Zr(2) 116.0(2) C(5)-Zr(2)-C(6) 104.4(2)
C(11)-0(1)-C(21) 117.4(3) C(32)-0(2)-C41) 116.1(3)
Zr(2)-N(4)-C(22) 102.2(2)

Figure 1.3. An ORTEP drawing (35% probability level) of the structure of

[BdeNON][BdeNON']Zr(CH3SiMe3),, with selected bond lengths (A) and bond angles (deg).
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the mer structure of [i-PtNON]ZrMe; (176°)7> and the fac of [t-BuNON]ZrMe, (124°),2
presumably due to inter-ligand interaction in this bimetallic compound. The bond
lengths between the bridging methine carbon and the two zirconium metal centers (2.236(4)
and 2.141(4) A) are comparable with those found in Andersen's
{cyclo-ZrCHSiMe,;NSiMes[N(SiMe3)2]}2 (2.21(2) and 2.16(2) A).84 The Zr(1)-C(28)-Zr(2)
angle (116.0(2)°) in [BdeNON][BdeNON'}Zry(CH3SiMe3);, however, is ~22° larger than the
corresponding angle in {cyclo-ZrCHSiMe;NSiMe3[N(SiMe3)21}2 (93.9(5)°) due to the longer
O(1)-~N(4) bridge in the former as compared to the single-carbon bridge in the latter (Figure 1.2).
All of the amido nitrogens in [BdeNON][BdeNON']Zra(CH2SiMes); are virtually planar as
evidenced by the sum of bond angles around them (~357°), except N(2) (sum = 349.2°),
presumably due to the coordination of bridging methine to the same metal, i.e., Zr(1), thereby
bringing Si(2) to be close to Zr(1) (Zr(1)-Si(2) = 2.884(2) A). The donor atoms O(1) and O(2) are
both bound to Zr(1) and cis to one another with the O(1)-Zr(1)-O(2) angle of 82.27(9)°. The two
oxygen donors adopt two types of geometry. The sum of the angles around O(1) is ~356° while
that around O(2) is ~331°, suggesting their being virtually planar and tetrahedral, respectively. The
o-phenylene backbone containing C(22) is found to partially bind to Zr(2) with Zr(2)-C(22)
distance of 2.768 (4) A and Zr(2)-N(4)-C(22) angle of 102.2(2)°. These numbers are comparable

with those found for n2-benzyl groups in ZrBng. %

1.9 Reaction between Hy[BdeNON] and ZrR4 (R = Bn, CH;SiMes).

H»[BdeNON] reacts with ZrR4 (R = Bn, CH3SiMe3) in toluene or benzene to yield a
two-component mixture of ZrR4 and Zr[BdeNON]; in a ratio of 1:1 according to the 1H NMR
spectra. Alternatively, Zr[BdeNON], can be obtained in quantitative yields by addition of two
equivalents of Hp[BdeNON] to ZrR4. No sign of formation of [BdeNON]ZrR; (R = Bn,
CH,SiMe3) can be observed by 'H NMR spectroscopy even if the reaction is conducted in

coordinating solvents (such as diethyl ether or THF) with the hope that solvent molecules might
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occupy at least one of the coordination sites to sterically prevent the binding of a second
H,[BdeNON] to zirconium metal center. In contrast to the other monometallic [BdeNON]2-
complexes reported here, Zr[BdeNON]; exhibits four resonances for SiCH3 and twelve
resonances for o-phenylene carbons in the 13C NMR spectrum, consistent with a C; symmetric
structure in which the two oxygen donors are cis to one another. The cis orientation of the two
oxygen donors in Zr[BdeNON]; is similar to that observed for Zr(l) in
[BdeNON][BdeNON']Zrp(CHSiMe3);. The Cj axis lies on the O-Zr-O plane and bisects the

O-Zr-O angle. Two possible enantiomeric structures are shown in equation 1.12.

\j

N
ZI'R4 C_ ) m @\I -)
2 H,[BdeNON] ~Zr and/or = 7rl (1.12)
2 _4RH @\ N/ * ~—

R= CH2Ph, CstiMe3 Zr [BdeNON]2

c

=[BdeNONJ*

1.10 Thermal stability of alkyl complexes.

The dimethyl, dineopentyl, dibenzyl, diphenyl, and bis(trimethylsilylmethyl) complexes
reported here are all stable in solution at room temperature for days without
detectable decomposition according to their !H NMR spectra. A toluene-dg solution of
[CyNON]Zr(CH,SiMe3); (~0.16 M) showed < 5% decomposition after being heated to 100 °C for
three days. In contrast, orange [CyNON]Ti(i-Bu), (~8 mM in C¢Dg) decomposed at room
temperature over a period of several hours. Solutions of [CyNON]Zr(i-Bu); (~7 mM in CgDg)
showed no signs of decomposition at room temperature after 24 hours, but decomposed readily at

100 °C with a rapid color change from colorless to deep red. The TH NMR spectrum of this deep
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red solution indicates the presence of both isobutane and isobutene, consistent with B hydride
abstraction. [CyNON]ZrEt; decomposes readily over a period of one hour at room temperature.
Therefore, the thermal stability of these B-hydrogen containing complexes follows the order of
[CyNON]Zr(i-Bu), > [CyNON]Ti(i-Bu)z > [CyNON]ZrEty. Synthesis of [CyNON]TiEt; has not
yet been successful. Similar phenomena were also observed for the [MesNON]2- complexes. For
instance, [MesNON]HfEt, (~6 mM in CgDg) and [MesNON]Hf(i-Bu); (~6 mM in CgDg) do not
show detectable decomposition at room temperature for several days, while attempts to synthesize

their zirconium analogues have not been successful.

1.11 Decomposition of [CYNON]Z1R; (R = Et, i-Bu) in the presence of PMes.

Decomposition of [CyNON]ZrEt; in neat PMe3 yields [CyNON]Zr(n2-CoHg)(PMe3); as
an orange solid in ~70% yield (equation 1.13). The coordinated ethylene shows a singlet at 1.23
ppm in the !H NMR spectrum. The room temperature 31P NMR spectrum of
[CYNON]Zr(n2-CoH4)(PMe3); exhibits two resonances at -25.31 and -60.86 ppm,; the latter of
which corresponds to free PMe3. Variable temperature 3!P NMR spectra reveal that these two
resonances coalesce at ~70 °C, consistent with rapid exchange of coordinated and free phosphine.
A similar reaction between [CyNON]Zr(i-Bu); and neat PMe3 requires a temperature of 50 °C over
a period of three days. [CyNON]Zr(n2-CoHyMey)(PMes); appears to be sensitive to light and this
reaction must be conducted in the dark. It is obvious that the required condition for the
decomposition of [CyNON]Zr(i-Bu); is more vigorous than that of [CyNON]ZrEty, consistent
with less accessibility of B hydrogens in the former due to the steric shielding from the § methyl

groups. Similar reactions are also observed for the iso-propyl substituted diamido/ether

complexes..73
excess PMe;
[CyNON]Zr(CH,CHR,), >  [CyNON]Zr(n*-C,H,R,)(PMey), (1.13)
R=H,Me
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1.12 Generation of cations and their reactions with 1-hexene.

The reaction between [CyNON]ZrMe; and [HNMe;Ph][B(CgFs)4] in C¢DsBr at -35 °C
yields a single species, for which 1H NMR spectrum at 0 °C exhibits a singlet resonance at 0.65
ppm with an intensity of three, consistent with the formation of a cationic
{[CyNON]ZrMe(NMe,Ph)}*+. The coordinated NMe;,Ph exhibits a singlet resonance at 2.49 ppm
for the methyl groups (versus 2.65 ppm for free NMeoPh in C¢DsBr).
{[CyNON]ZrMe(NMe,Ph)}* is stable in solution at temperatures below 10 °C, but appears to
decompose slowly at room temperature according to its IH NMR spectra.

Addition of 50 equivalents of 1-hexene to a CgD sBr solution of
{{CyNON]ZrMe(NMe,Ph) }[B(CgFs)4] at 0 °C leads to a slow oligomerization of 1-hexene. New
olefinic resonances are observed in the range of 5.42-5.34 ppm (Figure 1.4), a region that is
consistent with their being internal olefinic protons, e.g., the product of f§ elimination or f§
transfer®® from a 2,1-insertion product. The conversion of 1-hexene cannot be complete, even
with an extended reaction time, presumably due to the less reactive and less stable 2,1-units.87
The intensity suggests that approximately ten equivalents of 1-hexene were consumed for every

two olefinic protons in an end group. Similar observation has also been reported in the

polymerization of propylene catalyzed by ansa-zirconocene catalysts.88 The end groups in the low

Figure 1.4. The olefin region of the 1H NMR spectrum of the reaction between 1-hexene (50
equivalents) and {[CyNON]ZrMe(NMe,Ph)}[B(Cg¢Fs)4] at 0 °C. * denotes the olefinic signals for

unreacted 1-hexene.
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molecular weight polypropylene exhibit similar internal olefinic resonances for the § elimination

products from the 2,1-units, e.g., compound d in Figure 1.5. Analogous reactions involving
[HNMesPh][B(CeF5)4] activated [MesNON]ZrMe; in CgD5sBr at O °C leads to similar slow

oligomerization.

Polymer
a+b
a
d ¢ b Polymer
———— — Polymer

58 54 50 pm ¢ TN
d I\/\‘/Polymer

Figure 1.5. The olefin region of the 1H NMR spectrum (C2D,Cly, 120 °C) of low molecular
weight polypropylene prepared from MAO activated rac-[ethylene(1-indenyl);]ZrClyp; see reference
88.

[RNON]ZrMe; (R = Cy, Mes) also reacts with [Ph3C][B(CgF5)4] to yield active species
for a-olefin polymerization. The IH NMR spectra suggest the activation is not as clean as that
activated by [HNMe,Ph][B(CgF5)4], presumably due to the lack of strongly coordinating bases for
the former. However, they react with 1-hexene with higher catalytic activity. For instance,
addition of 60 equivalents of 1-hexene to [Ph3C][B(CgFs)4] activated [CyNON]ZrMe; or
[MesNON]ZrMe; in CgDsBr at 0 °C leads to a complete conversion of 1-hexene in 10 minutes.
The molecular weight of the poly(1-hexene) has not yet been determined. The cationic zirconium
species which contain presumed 60 units of 1-hexene seem to slowly decompose by f elimination
or B transfer to give new olefins. The new olefins exhibit both internal and terminal olefinic
resonances in the 1H NMR spectra, e.g., 5.46 and 4.84 ppm for [CyNON]ZrMe; initiator and
5.54 and 4.90 ppm for [MesNON]ZrMe; initiator (Figure 1.6). It seems likely that the rate of
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propagation relative to [ elimination or f§ transfer for the [Ph3C][B(CgFs)4] activated

[RNON]ZrMe; (R = Cy, Mes) is higher than that employing [HNMe,Ph][B(CgFs)4].

A L L b i R A A
5.8 5.5 5.2 4.9 ppm

BRI At Uk L U] W G i L
5.8 5.5 5.2 4.9 ppm

Y, A ~ Mb\u_

llIIY]IllllT_Tl‘l’llll"_IlTllllTITl11|T_]'I‘T11I
8 7 6 5 4 3 2 1 ppm

Figure 1.6. The !H NMR spectra (500 MHz) of the reactions between 1-hexene (60
equivalents) and [Ph3C]{B(CgFs)4] activated [CyNON]ZrMe; (top) or [MesNON]ZrMe; (bottom)
in CgD5Br at 0 °C.
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DISCUSSION

The results reported here suggest that complexes containing [RNON]?- ligands (R = Cy,
Bde, Mes) are significantly less crowded than those containing [t-BuNON]2-. Among the three
ligands employed in this study, [MesNON]2- probably forms the most crowded complexes on the
basis of difficult accessibility to synthesize its titanium dichloride complex, while [BdeNON]2-
probably forms the least crowded complexes as evidenced by the requirement of an extra base for
its zirconium complexes. [CyNON]2 is closely analogous to [i-PrNON]2-,73 so is their group 4
chemistry, at least that we have investigated. Therefore, the success of [t-BuNON]ZrMe; in
polymerization is, at least in part, due to the steric crowding from the t-butyl groups.

It is likely that [CyNON]?2- and [MesNON]2- complexes adopt a mer structure for these
diamido/ether ligands in both solid state and solution. The NMR data of their group 4 dialkyl
complexes are all consistent with species that contain two mirror planes on the NMR time scale,
similar to those observed for [i-PrNON]2- and [t-BuNON]?2-, although the latter is caused by the
fluxional process shown in equation 1.1.°% The mesityl rings in [MesNON]MX, complexes (M =
Ti, Zr, Hf; X = NMe,, Cl, alkyl) exhibit only one resonance for ortho methyl groups. It should be
noted that the ortho methyl groups are also equivalent on the NMR time scale in [AerO]ZrMez72
and [MesNaN]MMe; (M = Nb, Ta; see Chapter 2), but inequivalent in [MesNoNR]MMe; (M =
Ti, Zr, Hf; see Chapter 3). However, the NMR data of [MesNON]TiCl(NMe;) reveal inequivalent
ortho mesityl methyl groups, indicating that rotation about the N-Cijpso bonds in [MesNON]?2- is
restricted for titanium complexes.

The NMR data of mononuclear [BdeNON]2- complexes suggest a fac structure for
[BdeNON]2-. The connection of the two "arms" associated with the tridentate feature of
[BdeNON]?2- successfully precludes the fluxional process shown in equation 1.1. [BdeNON]?-
should be compared with its trimethylsilyl derived analogue, [TMSNON]2- (TMS = SiMe3);73 they
are electronically essentially identical to one another. The NMR data of group 4 complexes
containing [TMSNON]2- are all consistent with a five coordinate structure that contains two mirror

planes on the NMR time scale. [BdeNON]?-is significantly less crowded than [TMSNON]?- since
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zirconium complexes of the former require the coordination of an extra base or a second
[BdeNON]?- to give a six coordinate structure, e.g., [BdeNON]ZrCly(py) and Zr[BdeNON],. A
pseudo five coordinate [BdeNON]2- zirconium complex may be obtained by employing a sterically
demanding ligand such as Cp*.

The C-H bond activation of silicon-bound methyl groups is known for some time in

89-91 Early work by Andersen provides the direct evidence for the thermal

several cases.
decomposition of [(Me3Si)2N]2ZrR2 (R = Me, Et, CH2SiMe3) to give a bimetallic
{cyclo-ZrCHSiMe,NSiMe3[N(SiMe3)2]}2.84 The formation and high isolated yield of
[BdeNON][BdeNON'])Zrp(CH,SiMe3), suggest that C-H activation is the major decomposition
pathway from the hypothetical [BdeNON]ZrRj5. It should be noted that the relatively weak N-Si
bonds may also be involved in titanium chemistry although evidence is not clear in this study.

While hypothetical [BAeNON]JMR, complexes (M = Ti, Zr) are not isolable, presumably
due to their thermal instability, several dialkyl complexes containing [CyNON]2- and [MesNON]2-
are synthesized and listed in equations 1.8 and 1.9 and Table 1.1. In general, these dialkyl
complexes are thermally more stable when the alkyl ligands do not contain  hydrogens. For
dialkyl complexes that contain § hydrogens, thermal stability increases when the employed metal
goes down in the group 4 triad, presumably due to stronger M-C bonds.”? The thermal stability of
B hydrogen containing dialkyl complexes is higher when the § hydrogens are sterically shielded,
e.g., [CyNON]Zr(i-Bu), versus [CyNON]ZrEt;. These phenomena are analogous to those
observed in metallocene chemistry.”>** [CyYNON]JMR; and [MesNON]MR; are much more
stable than corresponding CppMR>. For instance, [CyYNON]TiNp; does not show decomposition
in solution at room temperature over a period of several days, while CpTiNp2 can only be isolated
below 0 °C.%% Cp,ZrEt, is also not isolable,”> while [CyNON]ZrEt, is.

This study also reveals that different conditions are required for the decomposition of
[CyNON]ZrEt; and [CyNON]Zr(i-Bu); as the f§ hydrogens in the latter are much more sterically
shielded. This is informative in terms of determining the potential 3 elimination or f transfer of the

propagating chain in the polymerization of a-olefins. It should be noted that 1,2-insertion
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produces a microstructure in the propagating chain which contains iso-butyl units, while 2,1-
insertion produces sec-butyl-like microstructure, where 3 hydrogens are more easily accessible
than the iso-butyl analogue. Therefore, 1,2-insertion product would discourage B elimination or 3
transfer, at least at a rate that is lower than that from 2,1-insertion product. The new internal
olefinic resonances observed from the catalytic reactions between 1-hexene and activated
[RNON]ZrMe; (R = Cy, Mes) are indicative of 2,1-insertion.

One of the main goals of this research was to attempt to determine the extent to which the
t-butyl groups create a coordination sphere in {[t-BuNON]ZrR}* that leads to a living
polymerization of 1-hexene. We now believe that the more crowded [t-BuNON]?- encourages
1,2-insertion of o-olefin to the Zr-C bond. In contrast, the more open coordination sphere in
{[RNON]ZrR}* (R = Cy, Mes) allows for a significant degree of 2,1-insertion to give a less
stable, perhaps also less reactive, insertion product. A similar proposition is given recently in the
oligomerization or polymerization of propylene to give relatively low molecular weight polymer

employing relatively well-definded metallocene based catalysts.87’96'99

CONCLUSIONS

A series of tridentate diamido/ether ligands of the type [RNON]2- (R = Cy, Bde, Mes) have
been designed and synthesized. A general entry into group 4 chemistry employing these ligands
involves TiClp(NMe>); and M(NMej)4 (M =Zr, Hf). The NMR study suggests a fac structure for
[BdeNON]2-, while a mer for [CyNON]?- and [MesNON]2-. It is likely that the steric crowding of
these ligands follows the order of [BdeNON]?- < [CyNON]?- < [MesNON]?2-, which seems less
crowded than [t-BuNON]2-. Dialkyl complexes containing [CyNON]2- and [MesNON]? can be
readily prepared, and activated by protonation or oxidative cleavage of the alkyl to yield cationic
species. These cations are found to react with 1-hexene to give oligomer or polymer, while

elimination or P transfer appears to take place to a significant degree in these cases.
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EXPERIMENTAL SECTION

General Procedures. Unless otherwise specified, all experiments were performed
under nitrogen in a Vacuum Atmospheres glovebox (model HE-493) equipped with a
regeneration/circulation device (Dri-Train) or by using standard Schlenk techniques. Oxygen level
(< 2 ppm) were monitored with ZnEty (1 M solution in hexane, Aldrich), and water levels (< 2
ppm) were monitored with TiCly (neat, Strem). All solvents were reagent grade or better. Toluene
was distilled from sodium/benzophenone ketyl. Diethyl ether was sparged with nitrogen and
passed through two columns of activated alumina. Pentane was sparged with nitrogen, then
passed through one column of activated alumina, and then through another of activated Q5.100
Molecular sieves and Celite were activated in vacuo (10-3 Torr) for 24 hours at 175 and 125 °C,
respectively. All NMR solvents were sparged with nitrogen and dried over activated 4 A molecular
sieves for days prior to use. All dry solvents were degassed with nitrogen before introduction into
the glovebox, where they were stored over activated 4 A molecular sieves.

Spectroscopic Analyses. The NMR spectra were recorded on Varian instruments (1H,
500.2 or 300.0 MHz; 13C, 125.8 or 75.4 MHz; 31P, 121.5 MHz). Chemical shifts (5) are listed
as parts per million downfield from tetramethylsilane and coupling constants (J) are in hertz. !H
NMR spectra are referenced using the residual solvent peak at § 7.16 for C¢Dg, 8 7.29 for CgD5Br
(the most upfield resonance), & 7.27 for CDCl3, and § 2.09 for toluene-dg (the most downfield
resonance). 13C NMR spectra are referenced using the residual solvent peak at § 128.39 for
CgDs, 577.23 for CDCl3, and § 137.86 for toluene-dg (the most downfield resonance). 31P NMR
spectra are externally referenced using a benzene solution of PPhj at § -4.78. Rountine coupling
constants are not listed. All NMR spectra were recorded at room temperature unless noted
otherwise. IR spectra were recorded as films in specified solvents between NaCl plates on a
Perkin Elmer 1600 FTIR spectrometer. High resolution mass spectra were recorded on a Finnigan
MAT 8200 Sector Mass Spectrometer at the MIT Department of Chemistry Instrumentation
Facility. Elemental analyses were performed by H. Kolbe Mikroanalytisches Laboratorium,

Miilheim an der Ruhr, Germany.
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Starting materials. O(0-CgH4NH2)2,!00 Ti(NMep)4,'0? TiCly(NMes)z,”®
Zt(NMe)a,”® Zr(CHpSiMe3)a, % ZiBng, 19 ZrNpy, 104 ZrCly(CH,SiMes):,*8 H(NMey)s,'?
NpLi,106 and NngCl107 were prepared according to the literature procedures.
PhMe,CCH,MgCl was prepared in a manner similar to the preparation of NpMgCl. Zinc dust
(97.5%) was purchased from Strem and activated with 5% aqueous HCI prior to use.”* HfCly
(99%, < 0.2% Zr) was purchased from Cerac; other metal halides were purchased from Strem.
[HNMe,Ph][B(CgF5)4] and [Ph3C][B(CeFs5)s] were provided by Exxon Chemical Corporation.
All other chemicals were purchased from commercial suppliers. Pyridine and lutidines were
sparged with nitrogen and dried over activated 4 A molecular sieves prior to use. Mesityl bromide
was sparged with nitrogen prior to use. 1-Hexene was refluxed over sodium for four days and

distilled. All other chemicals were used as received.

E.1.1 [CyNON]?- ligand system.®

H,[CyNON]. A 250 mL round-bottom one-necked flask was equipped with a
condenser and charged with a Teflon-sealed stir bar, O(o-C¢H4NH2)2 (5.03 g, 0.025 mol),
cyclohexanone (4.93 g, 0.050 mol, 2 equiv.), zinc (16.42 g, 0.25 mol, 10 equiv.), and acetic acid
(100 mL). The mixture was heated to 65 °C under nitrogen for 29 h. The gray-white suspension
containing residual zinc was cooled to room temperature and MeOH (100 mL) was added. The
white precipitate was removed by filtration using a glass frit and washed with MeOH (100 mL).
The filtrate was concentrated on a rotary evaporator until the volume was ~10 mL and crushed ice
(~100 g) and CH,Cl; (100 mL) were added. Ammonium hydroxide was added until pH > 10.
The organic layer was separated from the aqueous layer, which was further washed with CH,Cl,

(100 mL). The combined organic solutions were dried over MgSOy4 and the solvent was removed

@ The compounds in this section have been published:
Baumann, R.; Stumpf, R.; Davis, W. M,; Liang, L.-C; Schrock, R. R. J. Am. Chem. Soc. in

press.
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under reduced pressure to give a yellow oil, which was pure Ho[CyNON] according to its IH
NMR spectrum. The oil was directly used for subsequent organometallic chemistry without
further purification; it occasionally crystallized at room temperature after several weeks; yield 8.03
g (88%): IR (Et20): NH(st.) 3412 cm-}; 1H NMR (CgDg) § 6.99 (t, 2, Aryl), 6.93 (d, 2, Aryl),
6.71 (d, 2, Aryl), 6.59 (t, 2, Aryl), 4.29 (s, 2, NH), 3.15 (m, 2, Cy), 1.88 (m, 4, Cy), 1.49 (m,
4, Cy), 1.39 (m, 2, Cy), 1.12 (m, 4, Cy), 0.95 (m, 6, Cy); 'H NMR (CDCl3) § 6.99 (t, 2, Aryl),
6.76 (m, 4, Aryl), 6.59 (t, 2, Aryl), 4.19 (br s, 2, NH), 3.32 (m, 2, Cy), 2.08 (m, 4, Cy), 1.77-
1.63 (m, 6, Cy), 1.44-1.16 (m, 10, Cy); 13C NMR (CDCl3) § 143.98 (C, Aryl), 139.12 (C,
Aryl), 124.33 (CH, Aryl), 118.02 (CH, Aryl), 116.27 (CH, Aryl), 11.92 (CH, Aryl), 51.54
(CH, Cy), 33.46 (CHz, Cy), 26.07 (CH3, Cy), 25.09 (CHy, Cy); HRMS (EI, 70 eV): m/z calcd.
for Cp4H32N20 364.251464, found 364.25132.

[CYNONI]Ti(NMe2)z. n-BuLi (1.15 mL, 2.5 M in hexane, 2.875 mmol, 2 equiv.) was
added to a diethyl ether solution (10 mL) of Ho[CyNON] (522 mg, 1.432 mmol) at -30 °C. The
mixture was stirred at room temperature for 1.5 h and cooled to -30 °C. Solid TiClp(NMej); (296
mg, 1.432 mmol) was added while the diethyl ether solution was stirred. The reaction mixture
was stirred at room temperature overnight (~14 h). The dark red suspension was filtered through
Celite and the insoluble materials were washed with diethyl ether (5 mL). The filtrate was
concentrated in vacuo until the volume was ~2 mL. Pentane (1 mL) was layered on top and the
solution was cooled to -30 °C to afford red crystals. The supernatant was decanted and the red
crystals were dried in vacuo; yield 525 mg (74%): 'H NMR (CgDg) 6 7.30 (d, 2, Aryl), 7.03 (t,
2, Aryl), 6.93 (d, 2, Aryl), 6.50 (t, 2, Aryl), 3.79 (m, 2, Cy), 3.13 (s, 12, TiNMey), 1.95 (m, 8,
Cy), 1.79 (m, 4, Cy), 1.65 (m, 2, Cy), 1.36 (m, 4, Cy), 1.16 (m, 2, Cy); !3C NMR (C¢Ds¢) &
149.01 (C, Aryl), 146.00 (C, Aryl), 125.50 (CH, Aryl), 115.07 (CH, Aryl), 114.82 (CH, Aryl),
113.97 (CH, Aryl), 64.83 (CH, Cy), 47.09 (TiNMe»), 33.57 (CHj, Cy), 27.56 (CH3, Cy),
27.07 (CHj, Cy). Anal. Calcd. for CogH42N4O0Ti: C, 67.46; H, 8.49; N, 11.24. Found: C,
67.32; H, 8.55; N, 11.16.
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[CyNONI]TiCl;. Neat Me3SiCl (0.4 mL, 3.117 mmol, 3 equiv.) was added to a toluene
solution (20 mL) of [CyNON]Ti(NMe3); (518 mg, 1.039 mmol) in a 100 mL Teflon-sealed
Schlenk tube. The toluene solution was heated with stirring to 105 °C for 3 days. All volatile
components were removed in vacuo at ~50 °C to yield a dark purple solid; yield 477 mg (95%):
IH NMR (CgDg) & 7.10 (d, 2, Aryl), 6.81 (t, 2, Aryl), 6.64 (d, 2, Aryl), 6.47 (t, 2, Aryl), 5.33
(tt, 2, Cy), 2.33 (m, 4, Cy), 2.02 (m, 4, Cy), 1.74 (m, 4, Cy), 1.52 (m, 2, Cy), 1.43 (m, 4, Cy),
1.02 (m, 2, Cy); !3C NMR (C¢Dg) & 150.26 (C, Aryl), 145.65 (C, Aryl), 125.69 (CH, Aryl),
119.98 (CH, Aryl), 114.69 (CH, Aryl), 111.74 (CH, Aryl), 64.33 (CH, Cy), 28.97 (CHy, Cy),
27.43 (CHp, Cy), 26.43 (CHjy, Cy). Anal. Calcd. for Co4H3(CIoN,OTi: C, 59.89; H, 6.28; N;
5.82. Found: C, 59.97; H, 6.31; N, 5.96.

[CyNON]TiMe;. MeMgl (0.14 mL, 3 M in diethyl ether, 0.420 mmol, 2 equiv.) was
added to a suspension of [CyNON]TiCl; (101 mg, 0.210 mmol) in diethyl ether (3 mL) at -30 °C.
The reaction mixture was stirred at room temperature for 45 min. The solvent was removed in
vacuo and the orange residue was extracted with pentane (10 mL). The pentane extract was filtered
through Celite and the solvent was removed in vacuo. The solid residue was dissolved in diethyl
ether (1 mL) and pentane (0.5 mL) was layered on top. The solution was cooled to -30 °C to give
an orange crystalline solid. The supernatant was decanted and the orange solid dried in vacuo;,
yield 43 mg (47%): 1H NMR (C¢Dg) § 7.37 (d, 2, Aryl), 7.01 (d, 2, Aryl), 6.96 (t, 2, Aryl),
6.47 (t, 2, Aryl), 5.54 (m, 2, Cy), 2.39 (m, 4, Cy), 2.21 (m, 4, Cy), 1.86 (m, 4, Cy), 1.66 (m,
2, Cy), 1.48 (m, 4, Cy), 1.17 (m, 2, Cy), 1.02 (s, 6, TiMe); 13C NMR (Cg¢D¢) 5 148.67 (C,
Aryl), 146.00 (C, Aryl), 125.09 (CH, Aryl), 116.21 (CH, Aryl), 113.75 (CH, Aryl), 112.27
(CH, Aryl), 59.47 (CH, Cy), 56.77 (TiMe), 29.88 (CHp, Cy), 28.03 (CHp, Cy), 26.79 (CHy,
Cy). Anal. Calcd. for CogH36NoOTi: C, 70.90; H, 8.24; N; 6.36. Found: C, 71.15; H, 8.19; N,
6.32.

[CYNON]Ti(i-Bu);. i-BuMgCl (0.2 mL, 2 M in diethyl ether, 0.4 mmol, 2 equiv.)
was added to a diethyl ether solution (3 mL) of [CyNON]TiCl; (96 mg, 0.199 mmol) at -30 °C.

The reaction mixture was warmed to room temperature with stirring. After being stirred at room
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temperature for 20 min, the solvent was removed in vacuo. The residue was extracted with
pentane (10 mL) and the extract was filtered through Celite. The filtrate was concentrated in vacuo
until the volume was ~1 mL. The solution was cooled to -30 °C to give an orange crystalline solid.
The supernatant was decanted and the orange solid dried in vacuo; yield 75 mg (72%): 1H NMR
(Ce¢Dg) 8 7.40 (d, 2, Aryl), 7.11 (d, 2, Aryl), 6.98 (t, 2, Aryl), 6.47 (t, 2, Aryl), 5.66 (m, 2, Cy),
2.50 (m, 4, Cy), 2.35 (m, 4, Cy), 2.19 (m, 2, TiCH,CHMe>), 1.92 (m, 4, Cy), 1.74 (d, 4,
TiCH,CHMe,), 1.68 (m, 2, Cy), 1.57 (m, 4, Cy), 1.24 (m, 2, Cy), 0.77 (d, 12, TiCH,CHMey);
13C NMR (CgDg) & 147.68 (C, Aryl), 146.07 (C, Aryl), 125.30 (CH, Aryl), 115.68 (CH, Aryl),
113.59 (CH, Aryl), 112.94 (CH, Aryl), 94.44 (TiCH,CHMe,), 60.37 (CH, Cy), 32.60
(TiCH,CHMe»), 30.11 (CHy, Cy), 28.05 (CH3, Cy), 27.52 (TiCH,CHMe»), 26.90 (CHa, Cy).
Anal. Calcd. for C3pH4gN»2OTi: C, 73.26; H, 9.22; N; 5.34. Found: C, 73.09; H, 9.20; N, 5.26.

[CyNON]TiNpa. A diethyl ether solution (2 mL) of NpLi (33 mg, 0.423 mmol, 2
equiv.) at -30 °C was added to a diethyl ether solution (4 mL) of [CyNON]TiCl; (102 mg, 0.212
mmol) at -30 °C. The reaction mixture was stirred at room temperature for 50 min. The solvent
was removed in vacuo and the solid residue was extract with pentane (10 mL). Insoluble materials
were removed by filtration through Celite. The solvent was removed from the deep red filtrate to
give a reddish purple solid; yield 94 mg (80%): 'H NMR (CgD¢) § 7.28 (d, 2, Aryl), 7.10 (d, 2,
Aryl), 7.00 (t, 2, Aryl), 6.44 (t, 2, Aryl), 531 (m, 2, Cy), 2.52 (m, 4, Cy), 2.45 (m, 4, Cy),
2.24 (s, 4, TICH,CMe3), 1.89 (m, 4, Cy), 1.67 (m, 2, Cy), 1.53 (m, 4, Cy), 1.22 (m, 2, Cy),
0.86 (s, 18, TICHyCMe3); 13C NMR (CgDg) § 146.60 (C, Aryl), 146.34 (C, Aryl), 125.64 (CH,
Aryl), 115.66 (CH, Aryl), 113.81 (CH, Aryl), 113.75 (CH, Aryl), 104.90 (TiCH,CMe3), 62.25
(CH, Cy), 38.80 (TiCHCMes3), 34.53 (TiCHaCMe3), 30.81 (CH3, Cy), 27.74 (CHy, Cy),
26.92 (CHj, Cy). Anal. Calcd. for C34H352N7OTi: C, 73.89; H, 9.48; N; 5.07. Found: C,
73.38; H, 9.24; N, 5.28.

[CYNON]Zr(NMej),. Pentane (50 mL) was added to a solid mixture of Ho[CyNON]
(2.681 g, 7.354 mmol) and Zr(NMe»)4 (1.966 g, 7.354 mmol) at room temperature. The mixture

was shaken in order to dissolve the two starting materials. The pale yellow solution was stood at
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room temperature overnight to allow for the crystallization of [CyNON]Zr(NMe3);. Colorless
crystals (1.25 g) were filtered off. The filtrate was concentrated in vacuo until the volume was ~20
mL to afford a second crop (1.41 g); yield 2.65 g (67%): IH NMR (C¢Dg) § 7.29 (d, 2, Aryl),
7.05 (t, 2, Aryl), 6.85 (d, 2, Aryl), 6.46 (t, 2, Aryl), 3.46 (tt, 2, Cy), 2.82 (s, 12, ZrNMey), 2.03
(m, 4, Cy), 1.79 (m, 4, Cy), 1.65 (m, 2, Cy), 1.57 (m, 4, Cy), 1.33 (m, 4, Cy), 1.19 (m, 2,
Cy); 13C NMR (Cg¢Dg) 5 148.18 (C, Aryl), 144.59 (C, Aryl), 126.44 (CH, Aryl), 115.00 (CH,
Aryl), 113.73 (CH, Aryl), 113.61 (CH, Aryl), 60.90 (CH, Cy), 42.54 (ZrNMe>), 34.69 (CH2,
Cy), 27.33 (CHjy, Cy), 27.16 (CHp, Cy). Anal. Calcd. for CogH4oN4OZr: C, 62.06; H, 7.81; N;
10.34. Found: C, 62.04; H, 7.79; N, 10.33.

[CyNON]ZrCl,. Neat Me3SiCl (0.89 mL, 6.98 mmol, 3 equiv.) was added to a stirred
solution of [CyNON]Zr(NMe3)> (1.26 g, 2.33 mmol) in toluene (20 mL) at room temperature.
Solid [CyNON]Zr(NMej;), completely dissolved in 30 min to give a homogeneous, clear yellow
solution. After 7 h, pentane (~20 mL) was added to precipitate the yellow [CyNON]ZrCly, which
was collected on a fritted funnel, washed with pentane (20 mL), and dried in vacuo; yield 0.985 g
(81%). The product was recrystallized from toluene/pentane solution at -30 °C to give yellow
crystals which contain 0.28 equiv. of toluene per zirconium according to its IH NMR spectrum:
1H NMR (CgDg) 8 7.12 (d, 2, Aryl), 6.87 (t, 2, Aryl), 6.70 (d, 2, Aryl), 6.43 (t, 2, Aryl), 4.16
(m, 2, Cy), 2.19 (m, 8, Cy), 1.71 (m, 4, Cy), 1.50 (m, 2, Cy), 1.28 (m, 4, Cy), 1.09 (m, 2,
Cy); 13C NMR (Cg¢Dg) & 148.19 (C, Aryl), 144.54 (C, Aryl), 126.23 (CH, Aryl), 117.74 (CH,
Aryl), 115.47 (CH, Aryl), 113.89 (CH, Aryl), 59.29 (CH, Cy), 30.88 (CHy, Cy), 27.26 (CHp,
Cy), 26.30 (CHy, Cy). Anal. Calcd. for C24H30CloN2OZr(toluene)g.2s: C, 56.65; H, 5.90; N;
5.09. Found: C, 56.55; H, 6.01; N, 5.09. '

[CYNONI]Zr(CH,SiMe3);. Toluene (4 mL) was added to a solid mixture of
H,[CyNON] (546 mg, 1.498 mmol) and Zr(CH2SiMe3)4 (659 mg, 1.498 mmol) at room
temperature. The reaction solution was shielded from light with aluminum foil and stirred at room
temperature for 18 h. All volatile components were removed in vacuo to give a brown oil.

Pentane (5 mL) was added to dissolve the oil. The solution was concentrated to ~3 mL and cooled
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to -35 °C to afford a pale yellow crystalline solid. The supernatant was decanted and the solid
dried in vacuo; yield 659 mg (70%): 'H NMR (CgDg) & 7.36 (d, 2, Aryl), 6.94 (m, 4, Aryl), 6.43
(t, 2, Aryl), 4.41 (m, 2, Cy), 2.27 (m, 8, Cy), 1.85 (m, 4, Cy), 1.64 (m, 2, Cy), 1.47 (m, 4,
Cy), 1.20 (m, 2, Cy), 0.91 (s, 4, ZrCH,SiMe3), 0.06 (s, 18, ZrCH,SiMe3); 1H NMR (toluene-
dg) § 7.33 (d, 2, Aryl), 6.92 (m, 4, Aryl), 6.42 (t, 2, Aryl), 4.40 (m, 2, Cy), 2.26 (m, §, Cy),
1.87 (m, 4, Cy), 1.67 (m, 2, Cy), 1.48 (m, 4, Cy), 1.22 (m, 2, Cy), 0.86 (s, 4, ZrCH32SiMe3),
0.02 (s, 18, ZrCHpSiMe3); 13C NMR (CgD¢) 5 146.68 (C, Aryl), 145.15 (C, Aryl), 125.79
(CH, Aryl), 115.45 (CH, Aryl), 114.38 (CH, Aryl), 113.77 (CH, Aryl), 58.33 (ZrCH;SiMe3),
56.51 (CH, Cy), 31.37 (CHy, Cy), 27.30 (CH3, Cy), 26.64 (CH», Cy), 3.49 (ZrCH3SiMe3).
Anal. Calcd. for C32H520N20Si2Zr: C, 61.19; H, 8.34; N; 4.46. Found: C, 61.07; H, 8.59; N,
4.48.

[CYNON]ZrMe;. MeMgl (0.1 mL, 3 M in diethyl ether, 0.3 mmol, 2 equiv.) was
added to a yellow suspension of [CyNON]ZrCl; (79 mg, 0.150 mmol) in diethyl ether (1 mL) at
-35 °C. The reaction mixture was stirred at room temperature for 45 min. All volatile components
were removed in vacuo and the residue was extracted with pentane (10 mL). The extract was
filtered through Celite and the solvent was removed in vacuo to give an off-white solid; yield 74
mg (100%): 1H NMR (CgDg) 8 7.37 (d, 2, Aryl), 6.97 (t, 2, Aryl), 6.87 (d, 2, Aryl), 6.44 (t, 2,
Aryl), 4.22 (m, 2, Cy), 2.21 (m, 8, Cy), 1.79 (m, 4, Cy), 1.60 (m, 2, Cy), 1.35 (m, 4, Cy),
1.15 (m, 2, Cy), 0.55 (s, 6, ZrMe); IH NMR (toluene-dg) & 7.28 (d, 2, Aryl), 6.93 (t, 2, Aryl),
6.83 (d, 2, Aryl), 6.40 (t, 2, Aryl), 4.18 (m, 2, Cy), 2.19 (m, 8, Cy), 1.82 (m, 4, Cy), 1.62 (m,
2, Cy), 1.37 (m, 4, Cy), 1.17 (m, 2, Cy), 0.49 (s, 6, ZtMe); 1H NMR (CgDsBr) § 7.39 (d, 2,
Aryl), 6.99 (t, 2, Aryl), 6.87 (d, 2, Aryl), 6.49 (1, 2, Aryl), 4.18 (m, 2, Cy), 2.16 (m, 8, Cy),
1.86 (m, 4, Cy), 1.67 (m, 2, Cy), 1.40 (m, 4, Cy), 1.22 (m, 2, Cy), 0.45 (s, 6, ZrtMe); !3C
NMR (CgDg) 8 147.23 (C, Aryl), 145.35 (C, Aryl), 125.71 (CH, Aryl), 115.24 (CH, Aryl),
114.30 (CH, Aryl), 112.92 (CH, Aryl), 56.40 (CH, Cy), 42.16 (ZrMe), 31.62 (CHy, Cy), 27.47
(CHaj, Cy), 26.62 (CHp, Cy). Anal. Calcd. for Co6H36N2OZr: C, 64.55; H, 7.50; N; 5.79.
Found: C, 64.50; H, 7.44; N, 5.69.
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[CYNON]ZrEt;. EtMgBr (0.1 mL, 3 M in diethyl ether, 0.3 mmol, 2 equiv.) was
added to a yellow suspension of [CyNON]ZrCl; (79 mg, 0.150 mmol) in diethyl ether (1 mL) at
-35 °C. After being stirred at room temperature for 15 min, the reaction was worked up as the
procedures of [CyNON]ZrMe; and the product isolated as an orange solid; yield 47 mg (61%): H
NMR (Ce¢Dg) & 7.35 (d, 2, Aryl), 6.98 (t, 2, Aryl), 6.89 (d, 2, Aryl), 6.43 (t, 2, Aryl), 4.18 (m,
2, Cy), 2.20 (m, 8, Cy), 1.81 (m, 4, Cy), 1.62 (m, 2, Cy), 1.37 (m, 8, containing ZrCH,CH3 (t,
6) and Cy (m, 2)), 1.18 (m, 4, Cy), 1.00 (q, 4, ZrCH>CH3); 13C NMR (Cg¢D¢) & 146.89 (C,
Aryl), 145.26 (C, Aryl), 125.76 (CH, Aryl), 115.04 (CH, Aryl), 114.32 (CH, Aryl), 113.11
(CH, Aryl), 56.57 (CH, Cy), 53.01 (ZrCH,CH3), 31.54 (CH», Cy), 27.55 (CHj, Cy), 26.71
(CHa, Cy), 11.04 (ZrCH,CH3).

[CyNON]Zr(i-Bu);. i-BuMgCl (0.2 mL, 2 M in diethyl ether, 0.400 mmol, 2 equiv.)
was added to a yellow suspension of [CyNON]ZrCl; (105 mg, 0.200 mmol) in toluene (1 mL) at
-35 °C. The reaction mixture was stirred at room temperature for 5 min. Pentane (8 mL) was
added and the insoluble materials were removed by filtration with Celite. The filtrate was
concentrated in vacuo until the volume was ~1 mL. The solution was cooled to -35 °C to give a
colorless solid. The supernatant was decanted and the solid dried in vacuo; yield 80 mg (70%):
1H NMR (CgDg) 5 7.31 (d, 2, Aryl), 6.95 (m, 4, Aryl), 6.42 (t, 2, Aryl), 4.36 (m, 2, Cy), 2.30
(m, 10, Cy), 1.85 (m, 4, Cy), 1.63 (m, 2, Cy), 1.42 (m, 4, Cy), 1.19 (m, 2, ZtCH,CHMe>),
1.11 (d, 4, ZrCH,CHMey), 0.94 (d, 12, ZrCH,CHMe3); 13C NMR (CgDg) § 146.68 (C, Aryl),
145.28 (C, Aryl), 125.84 (CH, Aryl), 115.11 (CH, Aryl), 114.30 (CH, Aryl), 113.51 (CH,
Aryl), 76.63 (ZrCH,CHMey), 56.91 (CH, Cy), 31.60 (CHp, Cy), 30.31 (ZrCH,CHMey), 28.70
(ZrCHpCHMe»), 27.51 (CHay, Cy), 26.79 (CHp, Cy). Anal. Calcd. for C3pH4gN2OZr: C, 67.67;
H, 8.52; N; 4.93. Found: C, 67.48; H, 8.46; N, 5.06.

[CYNON]ZrNp3. A diethyl ether solution (5 mL) of NpLi (150 mg, 1.92 mmol, 2
equiv.) at -35 °C was added to a yellow suspension of [CyNON]ZrCl; (503 mg, 0.959 mmol) in
diethyl ether (25 mL) at -35 °C. The reaction mixture was stirred at room temperature for 4 h. All

volatile components were removed in vacuo and the residue was extracted with toluene (20 mL).
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The extract was filtered through Celite and the solvent was removed in vacuo. The yellow solid
residual was gently washed with pentane (5 mL x 2) to give an off-white solid which was dried in
vacuo; yield 283 mg (50%): H NMR (CgDg) & 7.22 (d, 2, Aryl), 6.97 (m, 4, Aryl), 6.40 (t, 2,
Aryl), 4.33 (m, 2, Cy), 2.46 (m, 4, Cy), 2.28 (m, 4, Cy), 1.84 (m, 4, Cy), 1.64 (m, 2, Cy),
1.43 (m, 4, Cy), 1.33 (s, 4, ZrCHyCMe3s), 1.27 (m, 2, Cy), 1.02 (s, 18, ZrCHyCMe3); 13C
NMR (CgDg) 5 146.08 (C, Aryl), 145.37 (C, Aryl), 126.08 (CH, Aryl), 115.11 (CH, Aryl),
114.45 (CH, Aryl), 113.99 (CH, Aryl), 84.84 (ZrCH,CMe3), 58.07 (CH, Cy), 36.68
(ZrCH,CMes3), 35.49 (ZrCH2CMes), 31.21 (CHy, Cy), 27.27 (CHp, Cy), 26.84 (CH,, Cy).
Anal. Calcd. for C34H5oN20Zr: C, 68.52; H, 8.79; N; 4.70. Found: C, 68.32; H, 8.71; N, 4.62.
[CYNON]ZrBnj;. BnMgCl (0.41 mL, 1 M in diethyl ether, 0.412 mmol, 2 equiv.) was
added to a yellow suspension of [CyNON]ZrCl; (108 mg, 0.206 mmol) in toluene (1 mL) at -35
°C. The reaction mixture was stirred at room temperature for 15 min. All volatile components
were removed in vacuo and the residue was extracted with toluene (5 mL). Insoluble materials
were removed by filtration through Celite. The solvent was removed in vacuo to afford a yellow
solid; yield 91 mg (70%): H NMR (C¢Dg) § 7.12 (d, 2, Aryl), 6.90 (m, 10, Aryl), 6.70 (m, 4,
Aryl), 6.40 (t, 2, Aryl), 3.98 (m, 2, Cy), 2.53 (s, 4, ZrCH,Ph), 2.14 (m, 8, Cy), 1.78 (m, 4,
Cy), 1.64 (m, 2, Cy), 1.34 (m, 4, Cy), 1.19 (m, 2, Cy); 13C NMR (CgDg) 6 146.64 (C, Aryl),
144.40 (C, Aryl), 143.35 (C, Aryl), 129.32 (CH, Aryl), 127.47 (CH, Aryl), 125.67 (CH, Aryl),
122.59 (CH, Aryl), 115.49 (CH, Aryl), 114.22 (CH, Aryl), 113.74 (CH, Aryl), 67.84
(ZrCH;3Ph), 56.75 (CH, Cy), 30.54 (CHy, Cy), 27.18 (CHp, Cy), 26.66 (CHj, Cy).
[CyNON]Zr(CH2CH=CH3)2. (CH,CH=CH3)MgBr (0.41 mL, 1 M in diethyl ether,
0.41 mmol, 2 equiv.) was added to a yellow suspension of [CyNON]ZrCl, (108 mg, 0.206
mmol) in diethyl ether (2 mL) at -35 °C. The suspension color changed immediately from yellow
to orange upon addition. The reaction mixture was stirred at room temperature for 15 min. All
volatile components were removed in vacuo and the residue was extracted with toluene (10 mL).
The extract was filtered through Celite and the solvent was removed in vacuo. The orange solid

was gently washed with diethyl ether (1 mL) and dried in vacuo; yield 94 mg (85%): 1H NMR
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(CgDg) 8 7.35 (d, 2, Aryl), 6.91 (t, 2, Aryl), 6.62 (d, 2, Aryl), 6.47 (t, 2, Aryl), 6.24 (quintet, J
=12.5, 2, Cy), 3.64 (m, 8, Cy), 2.80 (m, 2, ZrCH,CHCH3), 1.72 (m, 4, ZtCH,CHCH>), 1.50
(m, 10, Cy), 1.02 (m, 4, ZrCH,CHCH3), 0.89 (m, 2, Cy); IH NMR (toluene-dg) § 7.30 (d, 2,
Aryl), 6.86 (t, 2, Aryl), 6.56 (d, 2, Aryl), 6.43 (t, 2, Aryl), 6.22 (quintet, J = 12.5, 2, Cy), 3.58
(m, 8, Cy), 2.78 (m, 2, ZrCH,CHCHj3), 1.69-1.43 (m, 14, containing 10H from Cy and 4H
from ZrCH,CHCH>), 1.04 (m, 4, ZrCH,CHCH), 0.90 (m, 2, Cy); 13C NMR (C¢Dg) 5 146.83
(C, Aryl), 145.55 (C, Aryl), 143.98 (ZrCH,CHCH)>), 125.26 (CH, Aryl), 115.51 (CH, Aryl),
114.00 (CH, Aryl), 113.85 (ZrCH,CHCH),), 113.41 (CH, Aryl), 76.89 (ZrCH,CHCH3), 55.04
(CH, Cy), 30.45 (CHj, Cy), 27.38 (CHa, Cy), 26.49 (CHy, Cy); 13C NMR (toluene-dg) &
146.86 (C, Aryl), 145.57 (C, Aryl), 144.00 (ZrCH,CHCHy), 125.28 (CH, Aryl), 115.52 (CH,
Aryl), 113.90 (CH, Aryl), 113.78 (ZrCH,CHCH3), 113.42 (CH, Aryl), 76.86 (ZrCH,CHCH)y),
55.17 (CH, Cy), 30.56 (CH;, Cy), 27.49 (CH,, Cy), 26.62 (CH3, Cy). Anal. Calcd. for
C3oH4oN,OZr: C, 67.24; H, 7.52; N; 5.23. Found: C, 67.08; H, 7.46; N, 5.14.
[CYNON]Zr(n2-C2H4)(PMe3)2. A homogeneous, orange solution of
[CyNON]ZrEty (75 mg, 0.147 mmol) in neat PMes3 (0.5 mL) was stirred at room temperature for
30 min. Pentane (5 mL) was added to precipitate the orange product, which was filtered off,
washed with pentane (5 mL), and dried in vacuo; yield 65 mg (70%): 1H NMR (CgDg) & 7.43 (d,
2, Aryl), 6.91 (t, 2, Aryl), 6.57 (d, 2, Aryl), 6.44 (t, 2, Aryl), 2.65 (m, 2, Cy), 1.62 (m, 8, Cy),
1.36 (m, 2, Cy), 1.23 (s, 4, CoHy), 1.15 (m, 4, Cy), 0.92 (m, 18, containing 6H from Cy and
12H from PMe3); 31P NMR (CgDg) & -25.31, -60.86.
[CYNON]Zr(n2-CaHsMej3)(PMe3)2. A solution of [CyNON]Zr(i-Bu); (90 mg,
0.158 mmol) in neat PMes3 (0.5 mL) was heated to 50 °C for 3 days in a Teflon-sealed Schlenk
tube which was shielded from lightning by Aluminum foil. Pentane (10 mL) was added to
precipitate the orange product, which was collected on a glass frit and washed with pentane (3
mL); yield 32 mg (31%): H NMR (CgDg) & 7.40 (d, 2, Aryl), 6.87 (t, 2, Aryl), 6.79 (d, 2,
Aryl), 6.43 (t, 2, Aryl), 2.90 (m, 2, Cy), 2.21 (m, 2, Cy), 2.10 (m, 2, Cy), 1.98 (s, 6,
CoHyMej), 1.69 (m, 4, Cy), 1.45 (m, 8, Cy), 1.26 (m, 4, Cy), 1.00 (br s, 11, containing 2H
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from CpHMe, and 9H from PMe3), 0.86 (br s, 9, PMe3); 13C NMR (CgDg) 6 147.55, 146.02,
124.46, 116.26, 113.93, 113.61, 63.75, 53.84, 52.09, 34.38, 32.63, 32.25, 27.27, 26.53,
16.37, 15.77; 31P NMR (CgDg) & -26.50, -61.03.

Observation of {[CyNON]ZrMe(NMe2Ph)}{B(C¢Fs5)4}. A CeDs5Br solution
(0.7 mL) of [CyNON]ZrMe; (10 mg, 0.021 mmol) at -35 °C was added to solid
[HNMe,Ph][B(CgF5)4] (17 mg, 0.021 mmol) at -35 °C. Solution color changed immediately from
colorless to yellow then yellowish orange in ~30 seconds. The solution was stirred at room
temperature briefly and cooled to -35 °C. The solution was transferred to a Teflon-sealed NMR
tube and frozen with liquid nitrogen. The IH NMR spectra showed the quantitative formation of
{[CyNON]ZrMe(NMe;Ph) } {B(CgFs)4}. The spectra were recorded at temperatures between -30
and 50 °C with an interval of temperature increase by 10 °C. Identical spectra were obtained
between -30 and 10 °C. {[CyNON]ZrMe(NMe,Ph)}{B(CgFs5)4} was found to be briefly stable at
room temperature; IH NMR (Cg¢DsBr, 0 °C) § 7.24 (d, 2, Aryl), 7.19 (t, 2, Aryl), 7.00 (m, 3,
Aryl), 6.75 (d, 2, Aryl), 6.68 (m, 4, Aryl), 3.37 (tt, 2, Cy), 2.49 (s, 6, NMe,Ph), 1.85 (m, 4,
Cy), 1.73 (m, 4, Cy), 1.58 (m, 4, Cy), 1.23 (m, 2, Cy), 1.07 (m, 6, Cy), 0.65 (s, 3, ZrMe).

Catalytic reaction between 1-hexene and [HNMe2Ph][B(Cg¢Fs5)4] activated
[CyNON]ZrMe;. A CgDsBr solution (0.3 mL) of [CyNON]ZrMe; (10 mg, 21 pmol) at -30 °C
was added to a C¢DsBr solution (0.4 mL) of [HNMeoPh][B(CgF5)4] (17 mg, 21 pmol) at -30 °C.
The solution color changed immediately from colorless to light yellow. The reaction mixture was
briefly warmed to allow for the dissolution of the anilinium salt and kept at 0 °C. 1-Hexene (50
equiv.) was added to the above solution at 0 °C. The reactivity was monitored by !H NMR
spectroscopy which showed little or no conversion of 1-hexene in 10 min, but ~50% conversion in
6 h.

Catalytic reaction between 1-hexene and [Ph3C]{B(C¢Fs5)4] activated
[CyNON]ZrMe;. A CgDsBr solution (0.3 mL) of [CyNON]ZrMe; (13 mg, 27 umol) at -30 °C
was added to a CgDsBr solution (0.4 mL) of [Ph3C][B(CgF5)4] (24 mg, 26 pmol, 0.96 equiv.) at

-30 °C. The orange solution was kept at O °C and 1-hexene (60 equiv.) was added. The reaction
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was monitored by !H NMR spectroscopy which showed a complete conversion of 1-hexene to

poly(1-hexene) in 10 min.

E.1.2 [BdeNON]?- ligand system.

H3[BdeNON]. n-BuLi (20.0 mL, 2.5 M in hexane, 0.050 mol, 2 equiv.) was added
dropwise to a THF solution (45 mL) of O(o-CesH4NH3)2 (4.975 g, 0.025 mol) at -78 °C. The
reaction mixture was stirred at room temperature for 3 h to give an orange suspension of
O(0-CeH4NHLI);. The suspension was transferred to a 120 mL additional funnel and extra THF
was added until the volume reached 100 mL. A THF solution (100 mL) of
ClMe,SiCH>CH7,SiMe;Cl (5.348 g, 0.025 mol) was prepared on the side and transferred to
another 120 mL additional funnel. The two additional funnels were equipped on a 1 L two-necked
flask which contained 500 mL THF and a magnetic stir bar. The O(o-C¢H4NHL1); suspension
and CIMe)SiCH,CH,SiMe)Cl solution were simultaneously added at the same rate (~2 drops per
second) to the THF with vigorous stirring. After the addition was finished, the reaction mixture
was stirred at room temperature overnight. The solvent was removed on a rotary evaporator. The
residue was extracted with pentane (300 mL) and LiCl was removed by filtration through Celite.
The solvent was removed in vacuo to give a brown oil. The oil was directly used for the
subsequent organometallic chemistry, or it might crystallize from a concentrated diethyl ether
solution at -35 °C to gave colorless crystals; yield 5.885 g (69%): IR (Etz0): NH(st.) 3393 cm-1;
1H NMR (Ce¢Dg) & 7.15 (d, 2, Aryl), 6.90 (m, 4, Aryl), 6.65 (m, 2, Aryl), 4.37 (br s, 2, NH),
0.70 (s, 4, CHp), 0.03 (s, 12, SiMe); 13C NMR (CDCl3): § 148.11 (C, Aryl), 139.47 (C, Aryl),
124.84 (CH, Aryl), 121.31 (CH, Aryl), 118.83 (CH, Aryl), 117.78 (CH, Aryl), 7.75 (CHp),
0.60 (SiMe). HRMS (EI, 70 eV): m/z calcd. for C1gH13N20Si, 342.15837, found 342.15842.

[BdeNONI]Ti(NMez)2. n-Buli (1.17 mL, 2.5 M in hexane, 2.925 mmol, 2 equiv.)
was added to a diethyl ether solution (20 mL) of H2[BdeNON] (500 mg, 1.459 mmol) at -35 °C.

The solution was stirred at room temperature for 3 h and cooled to -35 °C. Solid TiClp(NMe>)2

56



Chapter 1
(302 mg, 1.459 mmol) was added to this cold diethyl ether solution. The deep red suspension was
stirred at room temperature overnight (~15 h). Insoluble materials were removed by filtration
through Celite and washed with diethyl ether (5 mL). The filtrate was concentrated in vacuo until
the volume was ~1 mL. Pentane (~1 mL) was layered on top and the solution was cooled to -35 °C
(~3 h) to give a reddish purple crystalline solid. The supernatant was decanted and the solid was
dried in vacuo; yield 373 mg (54%): 1H NMR (Cg¢Dg) 5 7.42 (d, 2, Aryl), 6.94 (m, 4, Aryl), 6.77
(t, 2, Aryl), 3.26 (s, 6, TiNMey), 2.63 (s, 6, TiNMejy), 1.21 (m, 2, SiCHj), 0.94 (m, 2, SiCH3),
0.46 (s, 6, SiMe»), -0.07 (s, 6, SiMe3); 13C NMR (CgDg) 5 152.50 (C, Aryl), 146.86 (C, Aryl),
126.45 (CH, Aryl), 125.26 (CH, Aryl), 121.96 (CH, Aryl), 119.26 (CH, Aryl), 47.52
(TiNMe,), 45.43 (TiNMe,), 12.16 (SiCHy), 3.83 (SiMey), -0.23 (SiMe3). Anal. Calcd. for
CooH24N40Si5Ti: C, 56.89; H, 5.21; N; 12.06. Found: C, 57.06; H, 5.30; N, 11.94.

[BdeNON]TiCl;. Neat Me3SiCl (0.32 mL, 2.56 mmol, 4 equiv.) was added to a
toluene solution (5 mL) of [BdeNON]Ti(NMe>); (305 mg, 0.64 mmol) at room temperature. The
reaction mixture was stirred at room temperature for 21 h. All volatile materials were removed in
vacuo. The dark residue was washed with diethyl ether (5 mL) to give a dark purple solid which
was dried in vacuo; yield 230 mg (78%): 1H NMR (CgDg) & 7.15 (d, 2, Aryl), 6.86 (t, 2, Aryl),
6.66 (t, 2, Aryl), 6.46 (d, 2, Aryl), 1.62 (m, 2, SiCH3), 0.80 (m, 2, SiCH3), 0.66 (s, 6, SiMey),
-0.11 (s, 6, SiMey); 13C NMR (CgDg) § 126.00 (CH, Aryl), 122.86 (CH, Aryl), 121.60 (CH,
Aryl), 116.74 (CH, Aryl), 14.35 (SiCHjy), 0.49 (SiMey), -0.54 (SiMey), the ipso carbons were
not found.

[BdeNON]Zr(NMe3)2(HNMej). A pentane solution (10 mL) of Hy[BdeNON] (407
mg, 1.188 mmol) was added to a pentane solution (10 mL) of Zr(NMej)4 (318 mg, 1.188 mmol)
at room temperature. The homogeneous solution was shaken thoroughly and slowly poured to
another flask to initiate the formation of crystals. The reaction solution was stood at room
temperature overnight. Colorless crystals were filtered off and dried in vacuo. Reduction of the
solvent from the mother liquor gave another crop; yield 603 mg (90%): !H NMR (CgDg) 5 7.33
(d, 2, Aryl), 7.00-6.96 (m, 4, Aryl), 6.59 (t, 2, Aryl), 2.86 (br s, 12, ZrNMe,), 1.80 (d, 6,
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HNMej), 1.43 (m, 2, SiCHy), 1.18 (heptet, 1, HNMe>), 0.98 (m, 2, SiCHj), 0.49 (s, 6,
SiMey), 0.15 (s, 6, SiMey); 13C NMR (Cg¢Dg) 8 153.73 (C, Aryl), 149.18 (C, Aryl), 126.07
(CH, Aryl), 123.74 (CH, Aryl), 120.02 (CH, Aryl), 117.49 (CH, Aryl), 44.04 (br s, ZrNMey),
40.11 (HNMej), 13.05 (SiCH3), 5.07 (SiMey), 0.79 (SiMez). Anal. Calcd. for
Co4H43N50Si>Zr: C, 51.02; H, 7.67; N; 12.39. Found: C, 50.88; H, 7.59; N, 12.32.
[BdeNON]Zr(NMe3)2(py). Neat pyridine (0.300 g, 3.793 mmol) was added to a
diethyl ether solution (8 mL) of [BdeNON]Zr(NMe;)2(HNMe») (1.000 g, 1.770 mmol) at room
temperature. Solution color changed immediately from colorless to yellow. The reaction mixture
was stirred at room temperature for 4 h and a solution aliquot was analyzed by 1H NMR
spectroscopy which showed the complete formation of [BdeNON]Zr(NMe»)2(py). All volatile
components were removed in vacuo to give a yellow crystalline solid; yield 1.050 g (99%): H
NMR (CgDg) 6 8.53 (d, 2, Aryl), 7.28 (d, 2, Aryl), 7.06 (d, 2, Aryl), 6.99 (t, 2, Aryl), 6.72 (t,
1, Aryl), 6.57 (t, 2, Aryl), 6.45 (t, 2, Aryl), 3.04 (br s, 6, ZrNMey), 2.76 (br s, 6, ZrNMe>),
1.49 (m, 2, SiCHy), 1.06 (m, 2, SiCHj), 0.57 (s, 6, SiMe>), 0.24 (s, 6, SiMe3); 13C NMR
(CeDg) 8 153.65 (C, Aryl), 150.78 (CH, Aryl), 149.25 (C, Aryl), 138.31 (CH, Aryl), 125.88
(CH, Aryl), 124.44 (CH, Aryl), 123.40 (CH, Aryl), 119.98 (CH, Aryl), 117.54 (CH, Aryl),
45.03 (ZrNMey), 44.22 (ZrtNMe;), 12.73 (SiCHy), 4.90 (SiMejy), 1.14 (SiMep). Anal. Calcd.
for Co7H41N508Si17Zr: C, 54.14; H, 6.90; N; 11.69. Found: C, 53.94; H, 6.78; N, 11.56.
[BdeNON]Zr(NMe3)2(2,4-lutidine). Neat 2,4-lutidine (12 mg, 0.112 mmol) was
added to a diethyl ether solution (1 mL) of [BdeNON]Zr(NMe,)>(HNMe») (12 mg, 0.021 mmol)
at room temperature. The solution was stirred at room temperature for 6 h. All volatile materials
were removed in vacuo to give a yellow crystalline solid; yield 13 mg (98%): H NMR (Cg¢Dg) &
8.48 (d, 1, Hy, lutidine), 7.25 (d, 2, Aryl), 7.04 (d, 2, Aryl), 6.95 (t, 2, Aryl), 6.54 (t, 2, Aryl),
6.42 (m, 2, Aryl), 3.19 (br s, 6, ZtNMey), 2.71 (br s, 6, ZtNMe»), 2.42 (s, 3, Me-lutidine), 1.73
(s, 3, Me-lutidine), 1.49 (m, 2, SiCHj), 1.04 (m, 2, SiCH3), 0.56 (s, 6, SiMe3), 0.19 (s, 6,
SiMe»); 13C NMR (CgDg) 6 159.66 (C, Aryl), 153.39 (C, Aryl), 150.11 (CH, Aryl), 149.18 (C,
Aryl), 148.34 (C, Aryl), 125.95 (CH, Aryl), 125.47 (CH, Aryl), 123.66 (CH, Aryl), 122.25
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(CH, Aryl), 119.55 (CH, Aryl), 117.68 (CH, Aryl), 45.66 (br s, NMe), 44.13 (br s, NMe),
24.05 (Me, Lutidine), 20.76 (Me, Lutidine), 12.81 (SiCHy), 4.87 (SiMejy), 1.07 (SiMep). Anal.
Calcd. for Cp9Hy5N50SisZr: C, 55.54; H, 7.23; N; 11.17. Found: C, 55.39; H, 7.20; N,
11.12.

[BdeNON]ZrCla(py). Neat Me3SiCl (1.4 mL, 10.764 mmol) was added to a solution
of [BdeNON]Zr(NMe3)2(py) (496 mg, 0.828 mmol) in CH2Cl; (10 mL) at room temperature.
The reaction solution was stirred at room temperature overnight. The solvent was removed in
vacuo. The yellow solid was washed with pentane (5 mL x 3) and dried in vacuo; yield 443 mg
(92%): 1H NMR (C¢Dg) 6 8.88 (d, 2, Aryl), 7.23 (d, 2, Aryl), 6.80 (m, 2, Aryl), 6.68-6.50 (m,
5, Aryl), 6.38 (t, 2, Aryl), 1.84 (m, 2, SiCHj), 0.99 (m, 2, SiCH3), 0.71 (s, 6, SiMe>), 0.13 (s,
6, SiMey); 13C NMR (CgDg) 8 153.66 (C, Aryl), 150.58 (CH, Aryl), 145.28 (C, Aryl), 139.34
(CH, Aryl), 126.97 (CH, Aryl), 124.19 (CH, Aryl), 122.44 (CH, Aryl), 119.87 (CH, Aryl),
119.26 (CH, Aryl), 13.26 (SiCHy), 2.32 (SiMejy), 0.54 (SiMej). Anal. Calcd. for
C23Hp9CI2N30SiZr: C, 47.48; H, 5.02; N; 7.22. Found: C, 47.59; H, 5.10; N, 7.16.

[BdeNON][BdeNON']Zr2(CH,SiMe3)2. Method A: Me3SiCH,MgCl (0.344
mL, 1 M in diethyl ether, 0.344 mmol, 2 equiv.) was added to a diethyl ether solution (4 mL) of
[BdeNON]ZrCly(py) (100 mg, 0.172 mmol) at -30 °C. The reaction mixture was stirred at room
temperature for 20 min and the solvent was removed in vacuo . The residue was extracted with
pentane (8 mL) and filtered through Celite. The filtrate was concentrated in vacuo until the volume
was ~1 mL. The concentrated solution was cooled to -30 °C to give a pale yellow crystalline solid.
The supernatant was decanted and the solid was dried in vacuo; yield 46 mg (52%). Method B:
Li;[BdeNON] was prepared by addition of 2 equiv. of n-BuLi to a pentane solution of
H;[BdeNON] at -30 °C and isolated as an off-white solid in quantitative yield. A diethyl ether
solution of ZrCly(CH3SiMe3), was prepared in situ as follows: under reduced lightning, a diethyl
ether solution (3 mL) of LiCH;SiMe3 (90 mg, 0.961 mmol, 2 equiv.) at -30 °C was added to a
diethyl ether suspension (3 mL) of ZrCly (112 mg, 0.481 mmol) at -30 °C with vigorous stirring.

The reaction mixture was stirred at room temperature for 30 min. Insoluble materials were
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removed by filtration through Celite and the filtrate (containing ZrClo(CH,SiMe3)2(Et20)y) was
cooled to -30 °C. Solid Lip[BdeNON] (170 mg, 0.481 mmol) was added to this diethyl ether
solution of ZrCl,(CH»SiMe3),. The reaction mixture was stirred at room temperature overnight.
LiCl was removed by filtration through Celite and washed with diethyl ether (2 mL). The filtrate
were concentrated in vacuo until the volume was ~1 mL. The concentrated solution was cooled to
-30 °C to give a microcrystalline solid. The supernatant was decanted and the crystalline solid was
dried in vacuo; yield 172 mg (69%). An X-ray quality crystal was obtained by recrystallization
from a concentrated diethyl ether solution at -30 °C: 1H NMR (C¢Dg; the assignment was not
completely certain) § 7.24-6.36 (m, 16, Aryl), 5.42 (s, 1, ZrCHZr), 1.43-0.75 (m, 8,
Si(CH3),Si), 1.01 (s, 3, NSiMey), 0.53 (s, 9, ZrCH>SiMe3), 0.40 (s, 3, NSiMey), 0.39 (s, 3,
NSiMej), 0.32 (s, 9, ZrCH3SiMe3), 0.24 (s, 3, NSiMejy), 0.23 (s, 3, NSiMey), -0.02 (s, 3,
NSiMe,), -0.60 (s, 2, ZrCH,SiMe3), -0.91 (s, 2, ZrCH,SiMe3); 13C NMR (Cg¢Dg) § 163.59
(ZrCHZr, Jcyg = 103), 157.55, 155.53, 152.23, 151.31, 147.92, 147.87, 146.65, 145.21,
144.66, 135.12, 134.80, 127.68, 127.21, 126.39, 126.30, 125.40, 124.26, 122.35, 120.95,
120.17, 118.75, 118.05, 117.20, 116.96, 71.29, 60.60, 34.79, 23.08, 15.79, 14.65, 9.38,
7.65, 5.04, 4.31, 4.15, 3.76, 0.39, -3.20, -5.13. Anal. Calcd. for C44HegN402SigZr2: C,
51.01; H, 6.62; N; 5.41. Found: C, 51.19; H, 6.53; N, 5.37.

[BdeNON][BdeNON']Zr,(CH2,CMe,Ph);. PhMe,CCHoMgCl (0.33 mL, 1.12 M
in diethyl ether, 0.370 mmol, 2 equiv.) was added to a diethyl ether solution (4 mL) of
[BdeNON]ZrCly(py) (106 mg, 0.182 mmol) at -30 °C. The reaction mixture was stirred at room
temperature for 2 h. The solvent was removed in vacuo and the solid residue was extracted with
pentane (10 mL). Insoluble materials were removed by filtration through Celite and the filtrate was
concentrated in vacuo until the volume was ~1 mL. The concentrated solution was cooled to -30
°C to give an orange crystalline solid. The supernatant was decanted and the solid was dried in
vacuo; yield 33 mg (47%): Anal. Calcd. for C56H72N402Si4Zrs: C, 59.63; H, 6.43; N; 4.97.
Found: C, 59.73; H, 6.56; N, 4.88.
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[BdeNON]ZrCp*Cl. Solid Cp*Li (26 mg, 0.183 mmol) was added to a diethyl ether
solution (3 mL) of [BdeNON]ZrCly(py) (104 mg, 0.179 mmol) at -30 °C. The reaction mixture
was stirred at room temperature overnight. The solution was filtered through Celite and the
insoluble materials were washed with diethyl ether (5 mL). The yellow filtrate was concentrated in
vacuo until the volume was ~1 mL. The solution was cooled to -30 °C for 2 h to give yellow
crystals. The supernatant was decanted and the crystals were dried in vacuo; yield 51 mg (47%):
IH NMR (CgDg) 8 7.31 (d, 2, Aryl), 6.90 (d, 2, Aryl), 6.80 (m, 2, Aryl), 6.72 (t, 2, Aryl), 1.66
(s, 15, CsMes), 1.61 (m, 2, SiCHjp), 0.72 (s, 6, SiMey), 0.67 (m, 2, SiCHj), -0.02 (s, 6,
SiMej); 13C NMR (CgDg) 8 151.67 (C, Aryl), 145.33 (C, Aryl), 127.39 (CH, Aryl), 124.55
(CH, Aryl), 124.31 (CsMes), 120.23 (CH, Aryl), 116.26 (CH, Aryl), 15.08 (SiCHy), 11.49
(CsMes), 2.82 (SiMej), 2.11 (SiMej). Anal. Calcd. for CogH39CIN,OSiyZr: C, 55.82; H,
6.52; N; 4.65. Found: C, 55.95; H, 6.44; N, 4.59.

Zr[BdeNON],;. Method A: In the absence of lightning, a toluene solution (3 mL) of
Zr(CH3SiMes)4 (56 mg, 0.127 mmol) and Hp[BdeNON] (87 mg, 0.255 mmol) was stirred at
room temperature for 4 days. All volatile components were removed in vacuo to give an orange
solid; yield 98 mg (99%). Method B: In the absence of lightning, a toluene solution (3 mL) of
ZrBng (27 mg, 0.059 mmol) and H>[BdeNON] (40 mg, 0.059 mmol) was heated to 80 °C for 4
days. All volatile components were removed in vacuo to give an orange solid; yield 43 mg (94%):
1H NMR (CgDg) 8 7.06 (dd, 4, Aryl), 6.97 (t, 2, Aryl), 6.88 (t, 4, Aryl), 6.57 (t, 4, Aryl), 6.45
(t, 4, Aryl), 1.64 (m, 4, SiCHj), 1.05 (m, 4, SiCH3), 0.46 (s, 6, SiMey), 0.09 (s, 6, SiMey),
-0.03 (s, 6, SiMey), -0.04 (s, 6, SiMep); 13C NMR (CgDg) 6 153.84 (C, Aryl), 153.80 (C,
Aryl), 140.82 (C, Aryl), 145.93 (C, Aryl), 127.05 (CH, Aryl), 126.44 (CH, Aryl), 122.72 (CH,
Aryl), 121.08 (CH, Aryl), 120.54 (CH, Aryl), 119.69 (CH, Aryl), 119.22 (CH, Aryl), 118.03
(CH, Aryl), 12.28 (SiCHjy), 10.62 (SiCHj), 5.30 (SiMe»), 3.61 (SiMey), 1.76 (SiMey), 0.19
(SiMej). Anal. Calcd. for C3gH48N40,SisZr: C, 55.98; H, 6.26; N; 7.25. Found: C, 56.09;
H, 6.21; N, 7.20.
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E.1.3 [MesNON]?- ligand system.

H32[MesNON]. A 250 mL Schlenk flask was charged with a magnetic stir bar,
O(0-C¢H4NH3); (5.00 g, 24.970 mmol), mesityl bromide (9.943 g, 49.940 mmol, 2 equiv.),
tris(dibenzylideneacetone)dipalladium(0) (0.114 g, 0.125 mmol, 0.005 equiv.), rac-BINAP
(0.233 g, 0.375 mmol, 0.015 equiv.), NaO-t-Bu (6.72 g, 69.916 mmol, 2.8 equiv.), and toluene
(100 mL). The reaction mixture was stirred and heated to 95 °C for 6 days. All volatile
components were removed in vacuo at ~40 °C. The dark brown solid residue thus obtained was
dissolved in a mixture of diethyl ether (400 mL) and H>O (300 mL). The two layers were
separated. The diethyl ether solution was washed with H,O (300 mL x 3), saturated aqueous
NaCl solution (300 mL), and dried over MgSO4. The MgSO4 was removed by filtration and the
solution was concentrated on a rotary evaporator until the volume was ~10 mL. The concentrated
solution was loaded onto an alumina column (2.5 cm inner diameter x 27 cm height) and eluted
with diethyl ether. The first 500 mL eluent was collected and the solvent was removed in vacuo to
give a pale yellow solid; yield 7.19 g (66%): IR (CHCl3): NH(st.) 3414 cm1; IR (Et;0): NH(st.)
3389 cm-!l; IH NMR (CgDg) § 7.04 (d, 2, Aryl), 6.83 (t, 2, Aryl), 6.80 (s, 4, Aryl), 6.62 (t, 2,
Aryl), 6.41 (d, 2, Aryl), 5.69 (s, 2, NH), 2.17 (s, 6, Mep), 2.09 (s, 12, Me,); 'H NMR (CDCl3)
5 6.98 (d, 2, Aryl), 6.95 (s, 4, Aryl), 6.89 (t, 2, Aryl), 6.68 (t, 2, Aryl), 6.27 (d, 2, Aryl), 5.71
(s, 2, NH), 2.32 (s, 6, Mep), 2.16 (s, 12, Meo); 13C NMR (CgDg) & 144.72 (C, Aryl), 139.05
(C, Aryl), 136.79 (C, Aryl), 136.03 (C, Aryl), 135.94 (C, Aryl), 130.01 (CH, Aryl), 125.28
(CH, Aryl), 119.25 (CH, Aryl), 118.36 (CH, Aryl), 112.99 (CH, Aryl), 21.42 (Mep), 18.58
(Me,). HRMS (EI, 70 eV): m/z calcd. for C30H32N20 436.251464, found 436.25091.

[MesNON]Ti(NMej)2. n-BuLi (0.92 mL, 2.5 M in hexane, 2.3 mmol, 2 equiv.) was
added to a diethyl ether solution (12 mL) of Hy[MesNON] (500 mg, 1.145 mmol) at -30 °C. The
solution was stirred at room temperature for 1.5 h and cooled to -30 °C. Solid TiClp(NMey); (237
mg, 1.145 mmol) was added to the cold diethyl ether solution. The reaction mixture was stirred at

room temperature overnight (~14 h). Insoluble materials were removed by filtration through Celite
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and washed with diethyl ether (5 mL). The filtrate was concentrated in vacuo until the volume was
~2 mL. Pentane (~1 mL) was layer on top and the solution was cooled to -30 °C to give a dark red
needle-like crystalline solid. The supernatant was decanted and the solid was dried in vacuo; yield
475 mg (73%): TH NMR (C¢Dg) & 7.63 (d, 2, Aryl), 6.87 (s, 4, Aryl), 6.86 (t, 2, Aryl), 6.60 (t,
2, Aryl), 6.22 (d, 2, Aryl), 2.77 (s, 12, TiNMep), 2.20 (s, 6, Mep), 2.16 (s, 12, Meo); 13C NMR
(CeDg) 8 148.61 (C, Aryl), 147.28 (C, Aryl), 147.14 (C, Aryl), 134.13 (C, Aryl), 133.63 (C,
Aryl), 129.68 (CH, Aryl), 126.08 (CH, Aryl), 116.62 (CH, Aryl), 116.24 (CH, Aryl), 113.68
(CH, Aryl), 45.56 (TiNMey), 21.31 (Mep), 19.67 (Me,). Anal. Caled. for C34H42N4OTi: C,
71.57; H, 7.42; N, 9.82. Found: C, 71.69; H, 7.48; N, 9.71.

[MesNON]TiCl(NMe3z). Method A: A toluene solution (5 mL) of
[MesNON]Ti(NMe»)> (104 mg, 0.182 mmol) and Me3SiCl (0.07 mL, 0.552 mmol, 3 equiv.) was
heated to 105 °C for 6 days in a Teflon-sealed Schlenk tube. All volatile materials were removed in
vacuo at ~40 °C to give a deep red solid which is pure [MesNON]TiCI(NMe3) according to its H
NMR spectrum. The solid was recrystallized from a concentrated diethyl ether solution at -30 °C to
give blood red crystals; yield 102 mg (100%). Method B: To a solid mixture of Ho[MesNON]
(21 mg, 0.048 mmol) and TiClp(NMej); (10 mg, 0.048 mmol) was added CgDg (0.7 mL) at room
temperature. All solid materials dissolved in 1 min. The solution was transferred to an NMR tube
and kept at room temperature. The reaction was monitored by 1H NMR spectroscopy which
showed significant amount (~50%) of Ho[MesNON] after several days when TiCly(INMe»); signal
disappeared. Red crystals were obtained in the solution after 6 days. The supernatant was
decanted and the crystals were dried in vacuo ; yield 13 mg (48%): 'H NMR (Cg¢Dg) 6 7.53 (d, 2,
Aryl), 6.83 (s, 2, Aryl), 6.79 (t, 2, Aryl), 6.76 (s, 2, Aryl), 6.56 (t, 2, Aryl), 6.02 (d, 2, Aryl),
2.58 (s, 6, TiNMey), 2.37 (s, 6, Mep), 2.15 (s, 6, Meo), 1.98 (s, 6, Meo); 13C NMR (C¢Dg) 6
149.15 (C, Aryl), 148.17 (C, Aryl), 146.67 (C, Aryl), 135.04 (C, Aryl), 134.70 (C, Aryl),
131.98 (C, Aryl), 130.10 (CH, Aryl), 129.66 (CH, Aryl), 126.23 (CH, Aryl), 118.37 (CH,
Aryl), 117.09 (CH, Aryl), 112.30 (CH, Aryl), 46.09 (TiNMey), 21.24 (Mep), 19.54 (Me,),
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18.81 (Mey). Anal. Calcd. for C3oH36CIN3OTi: C, 68.39; H, 6.46; N; 7.48. Found: C, 68.48;
H, 6.35; N, 7.39.

[MesNON]Zr(NMej);. Diethyl ether (10 mL) was added to a solid mixture of
H,[MesNON] (1.032 g, 2.364 mmol) and Zr(NMej)4 (0.632 g, 2.364 mmol) at room
temperature. The solution was stirred at room temperature overnight (~13 h). All volatile materials
were removed in vacuo to give a pale yellow solid which was pure [MesNON]Zr(NMej),
according to the 'H NMR spectrum. Colorless crystals were obtained from a concentrated diethyl
ether solution at -30 °C. The crystals were collected by filtration and dried in vacuo; yield 1.429 g
(98%): 'H NMR (CgDg) & 7.60 (d, 2, Aryl), 6.89 (s, 4, Aryl), 6.86 (t, 2, Aryl), 6.56 (t, 2, Aryl),
6.25 (d, 2, Aryl), 2.57 (s, 12, Mey), 2.20 (s, 18, containing 6H from Me, and 12H from
ZrNMe,); 'H NMR (toluene-dg) § 7.56 (d, 2, Aryl), 6.85 (s, 4, Aryl), 6.79 (t, 2, Aryl), 6.52 (t,
2, Aryl), 6.17 (d, 2, Aryl), 2.54 (s, 12, Meo), 2.17 (s, 6, Mep), 2.16 (s, 12, ZtNMe»); 13C
NMR (CgDg) 8 147.56 (C, Aryl), 146.57 (C, Aryl), 143.40 (C, Aryl), 135.17 (C, Aryl), 134.08
(C, Aryl), 129.97 (CH, Aryl), 126.60 (CH, Aryl), 116.89 (CH, Aryl), 116.12 (CH, Aryl),
11435 (CH, Aryl), 41.64 (ZrNMej), 21.36 (Mep), 18.93 (Me,). Anal. Caled. for
C34H4pN4OZr: C, 66.52; H, 6.90; N, 9.13. Found: C, 66.64; H, 6.82; N, 9.05.

[MesNON]ZrCl,;. Neat Me3SiCl (0.64 mL, 5.068 mmol, 3 equiv.) was added to a
toluene solution (20 mL) of [MesNON]Zr(NMe;); (1.037 g, 1.689 mmol) at room temperature.
The reaction mixture was stirred at room temperature for 24 h. All volatile materials were removed
in vacuo at ~40 °C to give a brown viscous oil. Diethyl ether was added dropwise to the oil to
initiate crystallization. A crop of yellow crystalline solid (696 mg) was obtained from ~5 mL
diethyl ether solution at room temperature. A second crop (225 mg) was obtained by cooling the
mother liquor to -30 °C; yield 921 mg (91%). Diethyl ether (~0.67 equiv. per zirconium) was
usually found in the solid [MesNON]ZrCl; according to the !H NMR spectrum; it might be
removed by recrystallization from a toluene solution: 'H NMR (Cg¢Dg) § 7.34 (d, 2, Aryl), 6.81
(s, 4, Aryl), 6.75 (t, 2, Aryl), 6.52 (t, 2, Aryl), 6.06 (d, 2, Aryl), 2.30 (s, 12, Me,), 2.10 (s, 6,
Mep); 13C NMR (CgDg) & 148.29 (C, Aryl), 14591 (C, Aryl), 139.50 (C, Aryl), 137.64 (C,
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Aryl), 135.68 (C, Aryl), 130.91 (CH, Aryl), 127.22 (CH, Aryl), 119.50 (CH, Aryl), 116.69
(CH, Aryl), 114.12 (CH, Aryl), 21.37 (Mep), 19.10 (Me,). Anal. Calcd. for
C30H30ClaN20Zr(OEt)g 67: C, 60.73; H, 5.72; N, 4.33. Found: C, 60.85; H, 5.86; N, 4.27.

[MesNON]ZrMe;. MeMgl (0.1 mL, 3 M in diethyl ether, 0.3 mmol, 2 equiv.) was
added to a diethyl ether solution (4 mL) of [MesNON]ZrCl; (98 mg, 0.15 mmol) at -30 °C. The
reaction mixture was stirred at room temperature for 2.5 h. Solvent was removed in vacuo. The
solid residue was triturated and extracted with pentane (10 mL). Insoluble materials were removed
by filtration through Celite. The colorless filtrate was concentrated in vacuo until the volume was
~2 mL. The solution was cooled to -30 °C to give colorless crystals. The supernatant was
decanted and the crystals were dried in vacuo; yield 71 mg (85%): 'H NMR (CgD¢) 8 7.53 (d, 2,
Aryl), 6.92 (s, 4, Aryl), 6.82 (t, 2, Aryl), 6.52 (t, 2, Aryl), 6.20 (d, 2, Aryl), 2.27 (s, 12, Mey),
2.16 (s, 6, Mep), 0.58 (s, 6, ZtMe); IH NMR (toluene-dg) & 7.47 (d, 2, Aryl), 6.87 (s, 4, Aryl),
6.77 (t, 2, Aryl), 6.49 (t, 2, Aryl), 6.12 (d, 2, Aryl), 2.23 (s, 12, Meo), 2.14 (s, 6, Mep), 0.49
(s, 6, ZtMe); 'H NMR (toluene-dg, -80 °C) & 7.33 (d, 2, Aryl), 6.73 (s, 4, Aryl), 6.70 (t, 2,
Aryl), 6.38 (t, 2, Aryl), 6.11 (d, 2, Aryl), 2.20 (s, 12, Meo), 2.00 (s, 6, Mep), 0.58 (s, 6, ZrMe);
IH NMR (toluene-dg, 90 °C) § 7.53 (d, 2, Aryl), 6.91 (s, 4, Aryl), 6.79 (t, 2, Aryl), 6.53 (t, 2,
Aryl), 6.13 (d, 2, Aryl), 2.25 (s, 12, Meo), 2.17 (s, 6, Mep), 0.45 (s, 6, ZrMe); 13C NMR
(CgDg) & 147.03 (C, Aryl), 146.19 (C, Aryl), 138.43 (C, Aryl), 136.87 (C, Aryl), 136.65 (C,
Aryl), 130.75 (CH, Aryl), 126.43 (CH, Aryl), 117.31 (CH, Aryl), 115.18 (CH, Aryl), 113.80
(CH, Aryl), 49.85 (ZrMe), 21.42 (Mep), 19.00 (Me,). Anal. Calcd. for C3pH36N20Zr: C,
69.14; H, 6.53; N; 5.04. Found: C, 69.26; H, 6.37; N, 5.11.

[MesNON]ZrNps. A diethyl ether solution (2 mL) of NpLi (28 mg, 0.359 mmol, 2
equiv.) at -30 °C was added to a diethyl ether suspension (4 mL) of [MesNON]ZrCl; (116 mg,
0.179 mmol) at -30 °C. The reaction mixture was stirred at room temperature for 70 min. Solvent
was removed in vacuo. The solid residue was extracted with pentane (10 mL). Insoluble materials
were removed by filtration with Celite. The solvent was removed from the filtrate in vacuo to give

a pale yellow solid; yield 100 mg (83%): 1H NMR (CgDg) 8 7.60 (d, 2, Aryl), 6.91 (s, 4, Aryl),
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6.81 (t, 2, Aryl), 6.55 (t, 2, Aryl), 6.23 (d, 2, Aryl), 2.37 (s, 12, Mey), 2.17 (s, 6, Mep), 1.29
(s, 4, ZrCH,CMe3), 0.90 (s, 18, ZrCH,CMe3); 13C NMR (CgDg) 5 147.24 (C, Aryl), 147.11
(C, Aryl), 141.90 (C, Aryl), 136.37 (C, Aryl), 135.99 (C, Aryl), 130.80 (CH, Aryl), 126.47
(CH, Aryl), 117.58 (CH, Aryl), 116.30 (CH, Aryl), 114.43 (CH, Aryl), 96.57 (ZrCH;CMe3),
36.99 (ZrCHzCMe3), 34.52 (ZrCH;CMe3), 21.32 (Mep), 19.64 (Meo). Anal. Caled. for
C40H52N2OZr: C, 71.91; H, 7.85; N; 4.19. Found: C, 73.08; H, 7.74; N, 4.18.
[MesNON]ZrPh,;. PhMgBr (0.1 mL, 3 M in diethyl ether, 0.3 mmol, 2 equiv.) was
added to a diethyl ether suspension (4 mL) of [MesNON]ZrCl(OEt2).67 (97 mg, 0.150 mmol) at
-30 °C. The color of the suspension changed immediately from green to yellow. The reaction
mixture was stirred at room temperature for 90 min and 1,4-dioxane (5 drops) was added.
Insoluble materials were removed by filtration through Celite and the filtrate was concentrated in
vacuo until the volume was ~1 mL. The concentrated solution was cooled to -30 °C overnight to
give a yellow crystalline solid. The supernatant was decanted and the product was dried in vacuo;
yield 94 mg (92%): 'H NMR (CgDg) & 7.62 (d, 2, Aryl), 7.52 (m, 4, Aryl), 7.00 (m, 6, Aryl),
6.80 (t, 2, Aryl), 6.75 (s, 4, Aryl), 6.61 (t, 2, Aryl), 6.19 (d, 2, Aryl), 2.15 (s, 6, Mep), 2.05 (s,
12, Meo); 13C NMR (CgDg) 8 191.70 (ZrCipgo), 147.29 (C, Aryl), 147.08 (C, Aryl), 139.72 (C,
Aryl), 136.76 (C, Aryl), 136.67 (C, Aryl), 133.94 (CH, Aryl), 130.59 (CH, Aryl), 129.68 (CH,
Aryl), 127.37 (CH, Aryl), 126.62 (CH, Aryl), 118.15 (CH, Aryl), 116.17 (CH, Aryl), 114.04
(CH, Aryl), 21.31 (Mep), 19.17 (Me,). Anal. Calcd. for C4oHgqoN20Zr: C, 74.18; H, 5.93; N;
4.12. Found: C, 74.08; H, 6.05; N, 4.18.
[MesNON]JHf(NMe;); and [MesNON]JHfCl;. Diethyl ether (20 mL) was added to
a solid mixture of Hp[MesNON] (1.301 g, 2.980 mmol) and Hf(NMej)4 (1.057 g, 2.981 mmol)
at room temperature. The solution was stirred at room temperature and monitored by !H NMR
spectroscopy which showed [MesNONJHf(NMe,), was formed quantitatively in 6 h. All volatile
components were removed in vacuo to give an off-white solid; yield 2.09 g (100%): 'H NMR
(CeDg) 87.57 (d, 2, Aryl), 6.90 (s, 4, Aryl), 6.85 (t, 2, Aryl), 6.55 (t, 2, Aryl), 6.26 (d, 2,
Aryl), 2.62 (s, 12, HfNMey), 2.22 (s, 12, Me,), 2.19 (s, 6, Mep). Neat Me3SiCl (1.4 mL,

66



Chapter 1
11.924 mmol, 4 equiv.) was added to a toluene solution (5 mL) of [MesNON]Hf(NMe>) at room
temperature. The solution was stirred at room temperature for 22 h. All volatile components were
removed in vacuo at ~45 °C. The off-white solid was washed with pentane (~20 mL) and dried in
vacuo; yield 1.447 g (71%): 'H NMR (CgDg) § 7.28 (d, 2, Aryl), 6.82 (s, 4, Aryl), 6.77 (t, 2,
Aryl), 6.47 (t, 2, Aryl), 6.11 (d, 2, Aryl), 2.13 (s, 12, Meo), 2.11 (s, 6, Mep); 13C NMR (CgDg)
8 148.05 (C, Aryl), 145.98 (C, Aryl), 140.41 (C, Aryl), 137.06 (C, Aryl), 135.68 (C, Aryl),
130.82 (CH, Aryl), 127.61 (CH, Aryl), 119.09 (CH, Aryl), 117.05 (CH, Aryl), 115.14 (CH,
Aryl), 21.32 (Mep), 19.01 (Me,). Anal. Caled. for C30H30Cl2HfN20: C, 52.68; H, 4.42; N;
4.10. Found: C, 52.83; H, 4.50; N, 4.29.

[MesNON]JHfMe;. MeMgl (0.1 mL, 3 M in diethyl ether, 0.3 mmol, 2 equiv.) was
added to a diethyl ether suspension (8 mL) of [MesNON]JHfCl; (102 mg, 0.149 mmol) at -30 °C.
The reaction mixture was stirred at room temperature for 40 min and 1,4-dioxane (5 drops) was
added. Insoluble materials were removed by filtration through Celite. The filtrate was
concentrated in vacuo until the volume was ~0.5 mL. The concentrated solution was kept at -30 °C
overnight to give a colorless crystalline solid. The supernatant was decanted and the solid was
washed with pentane (1 mL) and dried in vacuo; yield 84 mg (88%): 1H NMR (CgDg) 87.50 (d,
2, Aryl), 691 (s, 4, Aryl), 6.81 (t, 2, Aryl), 6.50 (t, 2, Aryl), 6.21 (d, 2, Aryl), 2.28 (s, 12,
Me,), 2.16 (s, 6, Mep), 0.40 (s, 6, HfMe); 13C NMR (CgDg) & 147.24 (C, Aryl), 146.73 (C,
Aryl), 138.86 (C, Aryl), 136.74 (C, Aryl), 136.34 (C, Aryl), 130.73 (CH, Aryl), 126.74 (CH,
Aryl), 117.26 (CH, Aryl), 115.66 (CH, Aryl), 114.67 (CH, Aryl), 60.18 (HfMe), 21.40 (Mey),
18.97 (Me,). Anal. Calcd. for C32H36HfN2O: C, 59.76; H, 5.64; N; 4.36. Found: C, 59.86;
H, 5.73; N, 4.26.

[MesNON]JHfEt,. EtMgBr (0.1 mL, 3 M in diethyl ether, 0.3 mmol, 2 equiv.) was
added to a diethyl ether suspension (3 mL) of [MesNON]JHfCl; (103 mg, 0.151 mmol) at -30 °C.
The reaction mixture was stirred at room temperature for 1 h and 1,4-dioxane (5 drops) was added.
Insoluble materials were removed by filtration through Celite. The pale yellow filtrate was

concentrated in vacuo until the volume was ~1 mL to give a colorless crystalline solid. The
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solution was cooled to -30 °C for several hours to allow for the completion of crystallization. The
supernatant was decanted and the crystals were dried in vacuo; yield 89 mg (88%): 'H NMR
(CeDg) 8 7.50 (d, 2, Aryl), 6.91 (s, 4, Aryl), 6.84 (t, 2, Aryl), 6.51 (t, 2, Aryl), 6.23 (d, 2,
Aryl), 2.30 (s, 12, Meo), 2.17 (s, 6, Mep), 1.28 (t, 6, HFCH,CH3), 0.77 (q, 4, HICH>CHj3); 13¢
NMR (CgDg) § 147.15 (C, Aryl), 147.04 (C, Aryl), 139.06 (C, Aryl), 136.71 (C, Aryl), 136.18
(C, Aryl), 130.66 (CH, Aryl), 126.67 (CH, Aryl), 117.34 (CH, Aryl), 116.13 (CH, Aryl),
114.81 (CH, Aryl), 73.34 (HfCH,CH3), 21.36 (Mep), 18.94 (Me,), 12.05 (HfCH2CH3). Anal.
Calcd. for C34H4oHfN2O: C, 60.84; H, 6.01; N; 4.17. Found: C, 60.69; H, 5.92; N, 4.21.

[MesNON]JHf(i-Bu);. i-BuMgBr (0.15 mL, 2 M in diethy] ether, 0.3 mmol, 2 equiv.)
was added to a diethyl ether suspension (3 mL) of [MesNON]JHfCI; (103 mg, 0.151 mmol) at
-30 °C. The reaction mixture was stirred at room temperature for 30 min. The solvent was
removed in vacuo and the solid residue was extracted with pentane (8 mL). The extract was
filtered through Celite and pentane was removed in vacuo to give a colorless oil. The oil was
cooled to -30 °C overnight to give a colorless, wet waxy solid. The solid was washed with
pentane (0.5 mL) and dried in vacuo ; yield 86 mg (79%): 'H NMR (Cg¢D¢) §7.55 (d, 2, Aryl),
6.92 (s, 4, Aryl), 6.83 (t, 2, Aryl), 6.52 (t, 2, Aryl), 6.22 (d, 2, Aryl), 2.34 (s, 12, Me,), 2.17
(s, 6, Mep), 2.02 (septet, 2, HFCH,CHMe»), 0.82 (d, 4, HICH,CHMe>), 0.81 (d, 12,
HfCH;CHMej3); 13C NMR (CgDg) §147.32 (C, Aryl), 147.15 (C, Aryl), 139.95 (C, Aryl),
136.47 (C, Aryl), 136.22 (C, Aryl), 130.72 (CH, Aryl), 126.75 (CH, Aryl), 117.45 (CH, Aryl),
116.16 (CH, Aryl), 114.98 (CH, Aryl), 94.96 (HfCH,CHMe,), 30.22 (HfCH2CHMe»), 29.03
(HfCH2CHMe), 21.32 (Mep), 19.17 (Meo). Anal. Caled. for C3gH48HIN7O: C, 62.75; H,
6.65; N; 3.85. Found: C, 62.84; H, 6.53; N, 3.77.

[MesNON]HfNp>. A diethyl ether solution (2 mL) of NpLi (23 mg, 0.295 mmol) at
-30 °C was added to a diethyl ether suspension (4 mL) of [MesNON]JHfCI, (100 mg, 0.146 mmol)
at -30 °C. The reaction mixture was stirred at room temperature for 80 min. Insoluble solid was
removed by filtration through Celite. The solvent was removed in vacuo to give an off-white solid

product; yield 103 mg (93%): 'H NMR (C¢Dg) §7.56 (d, 2, Aryl), 6.92 (s, 4, Aryl), 6.81 (t, 2,
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Aryl), 6.50 (t, 2, Aryl), 6.22 (d, 2, Aryl), 2.37 (s, 12, Meo), 2.17 (s, 6, Mep), 0.96 (s, 4,
HfCH,CMe3), 0.93 (s, 18, HfCH;CMe3); 13C NMR (Cg¢Dg) § 147.43 (C, Aryl), 147.24 (C,
Aryl), 142.39 (C, Aryl), 136.19 (C, Aryl), 136.12 (C, Aryl), 130.77 (CH, Aryl), 126.82 (CH,
Aryl), 117.47 (CH, Aryl), 116.40 (CH, Aryl), 115.29 (CH, Aryl), 104.97 (HfCH,CMe3), 37.09
(HfCH2CMe3), 35.26 (HfCH2CMe3), 21.31 (Mep), 19.61 (Mey). Anal. Caled. for
C40H52HfN,O: C, 63.60; H, 6.94; N; 3.71. Found: C, 63.46; H, 6.84; N, 3.78.

[MesNON]HfPh,. PhMgBr (0.1 mL, 3 M in diethyl ether, 0.3 mmol, 2 equiv.) was
added to a diethyl ether suspension (4 mL) of [MesNON]JHfCI, (103 mg, 0.151 mmol) at -30 °C.
The reaction mixture was stirred at room temperature for 1 h and 1,4-dioxane (5 drops) was added.
Insoluble materials were removed by filtration through Celite. The yellow filtrate was concentrated
in vacuo until the volume was ~1 mL. The solution was cooled to -30 °C overnight to give a pale
yellow crystalline solid. The supernatant was decanted and the solid was dried in vacuo; yield 110
mg (95%): 1H NMR (CgDg) 5 7.58 (d, 2, Aryl), 7.52 (d, 4, Aryl), 7.10 (t, 4, Aryl), 6.99 (t, 2,
Aryl), 6.81 (t, 2, Aryl), 6.76 (s, 4, Aryl), 6.55 (t, 2, Aryl), 6.20 (d, 2, Aryl), 2.15 (s, 6, Meyp),
2.09 (s, 12, Me); 13C NMR (CgDg) §205.28 (HfCipso), 147.47 (C, Aryl), 147.35 (C, Aryl),
139.75 (C, Aryl), 137.00 (C, Aryl), 136.52 (C, Aryl), 136.48 (CH, Aryl), 130.57 (CH, Aryl),
129.61 (CH, Aryl), 127.76 (CH, Aryl), 126.95 (CH, Aryl), 118.08 (CH, Aryl), 116.45 (CH,
Aryl), 115.07 (CH, Aryl), 21.29 (Mep), 19.14 (Me,). Anal. Calcd. for C4oH4oHIN2O: C,
65.75; H, 5.25; N; 3.65. Found: C, 65.55; H, 5.20; N, 3.59.

Catalytic reaction between 1-hexene and [HNMe;Ph][B(CgF5)4] activated
[MesNON]ZrMe;. A CgDs5Br solution (0.3 mL) of [MesNON]ZrMe; (5 mg, 9 umol) at -30 °C
was added to a CgD5Br solution (0.4 mL) of [HNMe2Ph][B(Cg¢F5)4] (7 mg, 8.7 pmol, 0.97
equiv.) at -30 °C. The solution color changed immediately from colorless to light yellow. The
reaction mixture was briefly warmed to allow for the dissolution of the anilinium salt and kept at
0 °C. 1-Hexene (60 equiv.) was added to the above solution at 0 °C. The reactivity was monitored
by IH NMR spectroscopy which showed little or no conversion of 1-hexene in 10 min, but ~50%

conversion in 4 h.
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Catalytic reaction between 1-hexene and [Ph3C][B(CgFs5)4] activated
[MesNON]ZrMej,. A CgDs5Br solution (0.3 mL) of [MesNON]ZrMe; (10 mg, 18 umol) at
-30 °C was added to a CgD5Br solution (0.4 mL) of [Ph3C][B(CgFs)4} (16 mg, 17 umol, 0.96
equiv.) at -30 °C. The orange solution was kept at 0 °C. 1-Hexene (60 equiv.) was added to the
above solution at 0 °C. The reaction was monitored by 1H NMR spectroscopy which showed a

complete conversion of 1-hexene to poly(1-hexene) in 10 min.
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Synthesis of Group 5 Complexes Containing Tridentate
Amido Ligands

INTRODUCTION

Efforts have been made to search for group 5 complexes as catalysts for the polymerization
of a-olefins. Attention seems to focus on employing six-electron dianionic ligands such as

114-116 and their

dicarbollide,log’109 butadiene,110 borollide,1 11-113 trimethylenemethane,
derivatives to replace one of cyclopentadieny! rings in a metallocene, particularly for tantalum
chemistry. It is interesting to note that tantalum-butadiene complexes have catalyzed the living
polymerization of ethylene.1 17 Recent work by Kempe reveals that niobium complexes containing
monoanionic pyridylamido ligands can also be catalysts for olefin polymerization.118 In general,
the catalytic activity of group 5 complexes is not as high as that of their group 4 relatives.
Tetradentate triamidoamine complexes have been intensively investigated in our
laboratory.24 Certain tantalum complexes that contain the triamidoamine ligand
([(R3SiNCH,CH3)3N]3-; R = Me or Et) decompose to yield trigonal bipyramidal tantalum
complexes containing a planar tridentate triamido ligand, [(R3SiNCH,CH,),N13- (equation 2.1,
where R = Et).llg’120 In the reaction shown in equation 2.1, a p hydride has moved from C(20)
to the ethylene ligand to give an ethyl ligand (C(5)-C(18)) and the N(4)-C(21) bond has been

cleaved, leaving a vinyl-substituted amido ligand (N(2)) in the equatorial position of the trigonal

bipyramidal complex. The resulting planar triamido ligand (N(1), N(3), N(4)) spans the two axial
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positions and one equatorial position. Planar triamido ligands are related to planar, substituted

pyridine ligands of the type [2,6—(ArleCH2)2C5H3N]2' that have been employed to prepare

trigonal bipyramidal complexes of T: i,121’122 Zr,123-125 14 126,127 359 w.128

) toluene-dg
[(Et;SiNCH,CH,);N]Ta(C,H,) >
110 °C

As a part of our research interest in transition-metal-amido chemistry, we set out to prepare
group 5 complexes that contain the tridentate triamido ligands. While the research program was
under way, we found out that a proton may be kept on the central nitrogen in a metal complex thus
giving a complex containing a diamidoamine ligand, which is electronically analogous to the
pyridine derived diamido [2,6-(ArleCH2)2C5H3N]2‘. The diamidoamine ligands are also
isoelectronic with their diamido/ether analogues.sz"ﬂ”i2 This chapter covers group 5 chemistry
based on these three types of ligands with a variation on the central donor atom/group, i.e.,
triamide, diamidoamine, and diamido/ether. A portion of this work has been published

previously. 12

SPECIFIC GOALS

The research objective was the synthesis of group 5 complexes containing the tridentate
amido ligands mentioned above. Since the ligand design thus far had only involved alkyl-aryl and

aryl-aryl substituents on the amido nitrogen (Chapter 1), a new set of alkyl-alkyl amido ligands
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was desired so as to compare and realize the nature of these ligands. Reactivity and thermal
stability of their group 5 complexes were compared. Another goal was the isolation of cationic
group 5 complexes since these cations are isoelectronic with the neutral group 4 relatives discussed
in Chapters 1 and 3. The polymerization activity of these group 5 complexes with 1-hexene was
examined. A comparison between group 4 and 5 chemistry based on tridentate amido ligands was

attempted.

RESULTS

2.1 Design and synthesis of triamines.

Two triamines are designed and used in this study. (MesNHCH;CH;,),NH
(H[MesN,NH]) and (C¢FsNHCH;CH3);NH (Ha[ArFNoNH]) contain the same ethylene
backbone but with different amido substituents. The mesityl groups in [MesNaN]3- or
[MesN,NH]?- complexes feature more crowded but less electrophilic metal centers as compared to
the CgFs groups in [ArFN,N]3- or [ArFN,NH]2-. The synthesis of Hp[MesNaNH] involves a
palladium catalyzed C-N bond-forming reaction and is described in Chapter 3, where it is more
extensively used. Hp[ArFN,NH] was synthesized by the reaction of diethylenetriamine with
hexafluorobezene in the presence of potassium carbonate (equation 2.2).129 Acetonitrile is a more
convenient solvent than dimethylsulfoxide, the preferred solvent for the synthesis of

N(CH,CH,NHC¢Fs)3.92

F
NH2 N/ C6 5
K,CO, H

NH +  2C4Fq > NH (2.2)
refluxing CH,CN H
k/ NH, N
CeFs
H,[Ar"N,NH]
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2.2 Synthesis of diamine/ether ligands, H2[RN20] (R = t-Bu, Ad, i-Pr, Ph, 2-t-BuCgHy).

It has been shown that Hy[AryIN,O] can be synthesized by bimolecular nucleophilic
substitution reactions of O(CH,CH,OTs), with LiNHAryl.”’72 An undesirable ring-closing
reaction may be competitive or even predominant if the anilide does not contain sterically bulky
substituents on both ortho positions. For example, reaction between O(CH,CH,OTs)2 and
LiNHAr led to (ArNHCH;CH»)70 (H2[ArN,O]J; Ar = 2,6-C¢H3Me») in moderate yield. When
anilide LINHPh or LiNH(2-t-BuCgH,) was employed, the reaction was primarily directed toward
the formation of N-substituted morpholines. Therefore, a protection group on the anilide nitrogen
such as trimethylsilyl was necessary for the synthesis of these compounds.

Equations 2.3 and 2.4 show another general route to the synthesis of the diamine/ether
ligands. The advantage of this methodology is that the amine substituents do not have to be
sterically protected. The reactions between primary amines and diglycolyl chloride or diglycolic
acid produce O[CH2C(O)NHR]; in essentially quantitative yields. Subsequent reduction of the
carbonyl function groups with lithium aluminum hydride yields Hy[RN>O] in moderate yields.
The substituents on the amine nitrogens can be aromatic or aliphatic depending on the primary

amine employed.

X 2 NEt, or 2 DCC
0(/\11/ )2 + 2RNH, > . 0/€\|\’NHR)2 2.3)
0

0) THF, 22 °C

X =Cl, OH
R = t-Bu, Ad, i-Pr, Ph, 2-t-BuC4H,, 3,5-C4H;(CFs),

DME or THF
reflux H,[RN,0]

Of\g NHR) 2 — > 0/{\/ NHR) 2 (2.4)

R =t-Bu, Ad, i-Pr, Ph, 2-t-BuC¢H,
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The synthesis of O[CH,C(O)NHCgFs], (equation 2.5) requires potassium carbonate as the

base since CgF5NH> is less nucleophilic to react with the diglycolyl chloride as compared to
triethylamine which is used in equation 2.3. Subsequent reduction of O[CH,C(O)NHCgFs], with
lithium aluminum hydride does not lead to the desired product, presumably because it is too

reducing for either the amide carbonyl groups or the CgFs5 rings.
2K,CO,
O«é\n/Cl) + 2 C4FsNH, - o(’\“/ NHCst) (2.5)
9 CH;CN, reflux : 2

o)
% LiAlH,
o{’\/ NHC6F5) ,

The NMR data of these amines are all characteristic of Cpy symmetric structures.
H»[t-BuN20] and H2[AdN2O] are moisture sensitive and tend to form hydrogen bonds with
water. The hydrogen-bonded water can be removed by calcium hydride in refluxing toluene over a
period of several days. Hp[t-BuN2O] is an oil at room temperature and may solidify slowly at
0 °C. Sublimation of Hp[t-BuN»O] gives colorless needle-like crystals which can be stored at

temperatures < -20 °C.

2.3 Reactions between TaMes and Hy[MesNoNH] or H2[RN2O] (R = t-Bu, Ad, Ph, Ar).
Attempts to synthesize tantalum complexes containing the amido ligands mentioned above
by salt metathesis between TaCls and lithium amides do not give any desirable tantalum products in

reasonable isolated yields. Reactions involving Ta(NMe2)513O

produce a mixture from which
compound separation is difficult. The most convenient entry into the tantalum chemistry employs
TaMes. 131132 TaMes can be prepared readily in diethyl ether from TaMe3Cly 3134 and MeLi. It

has rarely been used as a starting material to make tantalum methyl complexes, perhaps in part
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because it begins to decompose in diethyl ether above ~0 °C. As a result, reactions involving
TaMes must compete effectively with its decomposition. Addition of Hy[MesN2NH] to a diethyl
ether solution of TaMejs at -30 °C followed by slow warming of the solution to room temperature
produces orange crystalline dimethyl complex, [MesNoN]TaMes, in ~90% yield (equation 2.6). It
seems likely that a diamine adduct of TaMes analogous to (dmpe:)TaMe5131 forms first and
stabilizes TaMes toward intermolecular loss of methane. In contrast, the coordination of the
oxygen atom in the diamine/ether type of ligands H2[RN,7O] (R = t-Bu, Ad, Ph, Ar) to TaMes
does not effectively prevent the intermolecular decomposition of TaMes, due to its being less basic
than a nitrogen donor. Therefore, the synthesis of trimethyl [RNo,O]TaMej generally requires
longer reaction times at a temperature where TaMes does not decompose in order for the yield of

[RN2O]TaMes to be high (equation 2.7).

Et,0, -30 to 25 °C
-3 CH,

Y

H,[MesN,NH] + TaMes [MesN,N]TaMe, (2.6)

Et,0, -30 to -5 °C
H,[RN,0]  + TaMe; > [RN,O]TaMe, 2.7)
-2 CH,

R =t-Bu, Ad, Ph, Ar

Arylated dimethyl [MesNaN]TaMe; and trimethyl [RN2O]TaMes (R = Ph, Ar) are all
thermally stable at room temperature as solids or solutions, but alkyl substituted [t-BuN,O]TaMe3
and [AdN20O]TaMe3; complexes tend to decompose to give dark brown unidentified materials. The
NMR data of [MesN;N]TaMe, are characteristic of a molecule that has Cyy symmetry. The methyl
ligands are observed as a singlet resonance at 0.63 ppm in the 1H NMR spectrum and at 66.18
ppm in the 13C{1H} NMR spectrum. The ortho mesityl methyl groups are observed as a singlet
resonance at 2.35 ppm in the !H NMR spectrum, which is in contrast to the inequivalent ortho

methyl groups observed for the five coordinate group 4 complexes containing a diamidoamine
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ligand, [MesNoNH]MMe; (M = Ti, Zr, Hf; see Chapter 3), presumably due to a higher symmetry
(Cyy) for the former.

The NMR spectra of six coordinate trimethyl complexes [RN2O]TaMes3 (R = t-Bu, Ad, Ph,
Ar) reveal only one singlet resonance for the methyl ligands, suggesting a fluxional exchange
process. It should be noted that the diamido/ether ligands adopt different structures in group 4
chemistry, e.g., fac or mer or any variation in between.”? It is not yet possible to conclusively
assign the geometry of the diamido/ether ligands in [RN,O]TaMe3 with the NMR data alone. The
mechanism of methyl group equilibration could consist of either the dissociation of the oxygen
donor to give a fluxional five coordinate species, or a "turn-stile" rotation of the three methyl
groups with respect to the three donor atoms if [RN2O]2- is fac. More exotic mechanisms
involving reversible migration of a methyl group to an amido nitrogen or to the oxygen donor
cannot be discounted, but seem considerably less likely to take place at a rate of the order of the

NMR time scale.

2.4 Reaction between TaMes and Hy[ArFN,NH].

Addition of Hp[ArFN,NH] to TaMes yields a trimethyl complex in which a proton remains
on the central nitrogen atom (equation 2.8).129 The coordination core of [ArFN,NH]TaMe3 is
isoelectronic with that of [RN,O]TaMe3. The !'H NMR spectrum at room temperature reveals that
the methyl groups are equivalent (0.96 ppm) and the NH resonance is observed as a broad singlet
at 2.43 ppm. The methyl ligand exchange is slower at low temperatures. Below -80 °C in
toluene-dg the methyl resonance divides into two broad resonances in a ratio of 2:1. The
mechanism of methyl group exchange in [ArFNoNH]TaMe3j is presumably the same as that
proposed for [RN20]TaMes.

Et,0, -30 to 25 °C

H,[AFN,NH] + TaMes o >  [Ar"N,NH]TaMe, (2.8)
- 4
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[ArFN;NH]TaMes is relatively unstable, even in the solid state. It evolves one equivalent

of methane to give [ArFN,N]TaMe; (equation 2.9). The !H and 13C NMR spectra of

C4F
o605
N
-CH, \
[AN,NH|]TaMe; ———»  N— Tla-ﬂ‘ggs 2.9)
3
Q/N
~CgFs
[ArFN,N]TaMe,

[ArFN,N]TaMe, are somewhat unusual. They both are characteristic of a molecule with Cpy
symmetry, but the methyl resonance in each is a quintet (0.63 ppm in the !H NMR spectrum with
J = 3.6 Hz; 63.49 ppm in the 13C NMR spectrum with J = 5.0 Hz). The proton-coupled,

fluorine-decoupled 13C NMR spectrum (Scheme 2.1) shows no coupling beyond that attributable

e

| S e S s S s A B M S A BN 55 NN A e LA S N AR SN SN SR RS AR SRR

———
65.0 64.5 64.0 63.5 63.0 62.5 ppm

Scheme 2.1. A portion of the 13C NMR spectra of [ArFN,N]TaMej (22 °C, CD,Cly); only the
TaMe and one CH) resonances are shown. Top: proton-coupled fluorine-coupled 13C NMR

spectrum (Jcp = 5.0 Hz). Bottom: proton-coupled fluorine-decoupled 13C NMR spectrum.
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to C-H coupling. Therefore we propose that the quintet arises from coupling to four fluorines,
presumably the four ortho fluorines in the CgFs5 rings. Similar observation is reported for the
NMR spectra of [(CFsNCH,CH,)3N]TiMe, '3 in which the H-F and C-F couplings are smaller
(J= 1.5 and 1.9 Hz, respectively), presumably due to the smaller size of Ti(TV) than Ta(V).!3

2.5 X-ray structure of [ArFN,;N]TaMe;.

An X-ray study of [ArFN,N]TaMe; reveals a molecule that has an trigonal bipyramidal
structure (Figure 2.1) analogous to that of [(Et3SiNCH,CHa),N]TaE{[N(CH=CH,)(SiEt3)]'%°
shown in equation 2.1. The triamido ligands in both complexes adopt a mer geometry. The core
structure of [ArFN,N]TaMe; is also closely analogous to that of [(MegSiN-o-C6H4)2N]TaMe2129
(Table 2.1), but in [ArfFN;N]TaMe, two ortho fluorine atoms are within a weakly
bonding distance of the metal. An interaction of this general type is also found in
[(C6F5NCH2CH2)3N]V,6O although the V--F distance (average 2.652 A) is much longer than the
Ta-F distance in [ArFN,;N]TaMe; (average 2.432 10\), a difference that is even more remarkable
when one considers the smaller size of V(III) relative to Ta(V).136 The Ta-F distance is much
longer than a typical Ta-F covalent bond, e.g., ~1.90 Ain [TayF100]? or [Cp"‘zTaF4]2.137’138
Since the CgF5 rings are freely rotating on the !19F NMR time scale, even at -80 °C, the strength of
the Ta-F interaction cannot be more than ~10 Kcal mol-!. This interaction is presumably the
origin of the two-bond (CF) or three-bond (HF) coupling, which are averages of coupling to a
fluorine that is bound to tantalum and one that is unbound. Simultaneous averaging of couplings
has also been reported for the N-methyl groups in N ,N-dime:thylformamide.81 As a consequence
of the interaction between Ta and F(11) and F(21), the entire ligand system forms an
approximately planar pentagonal arrangement around the metal with the internal angles (starting
with F-Ta-F and proceeding clockwise in Figure 2.1) being 65°, 72°, 76°, 76°, and 72°, for a total
of ~360°. The C(5)-Ta-C(6) angle is therefore forced "open" to 142.9(2)°. The Ta-C bond
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Bond Lengths Bond Angles
Ta(1)-N(1) 2.087(4) C(5)-Ta(1)-C(6) 142.9(2)
Ta(1)-N(2) 2.078(5) N(1)-Ta(1)-N(2) 152.0(2)
Ta(1)-N(3) 1.967(4) Ta(1)-N(1)-C(16) 121.3(4)
Ta(1)-C(5) 2.191(6) Ta(1)-N(2)-C(26) 122.3(4)
Ta(1)-C(6) 2.199(6) F(11)-Ta(1)-F(21) 64.53(11)
Ta(1)-F(11) 2.452(3) C(2)-N(3)-C(4) 112.4(5)
Ta(1)-F(21) 2.413(3)

Dihedral Angles?

N(1)/N(3)-Ta(1)-N(2) 179.0 N(3)/C(5)-Ta(1)-C(6) 175.0
Ta(1)-N(1)-C(16)-C(11) 4.3 Ta(1)-N(2)-C(26)-C(21) 3.9
C(4)/Ta(1)-N(3)-C(2) 157.5

Figure 2.1. An ORTEP drawing (35% probability level) of the structure of [ATFNyN]TaMey,
with selected bond lengths (A), bond angles (deg), and dihedral angles (deg). 2 Obtained from a
Chem 3D model.
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lengths, however, are virtually the same as in [(Me3SiN-0-C¢Hy)oN]TaMey, as is the Nax-Ta-Nzx
angle. The Ta-Ngq distance in [ArFN,N]TaMej is ~0.1 A shorter than that in [(Me3SiN-o-
CgHy)pN]TaMe,, while the Ta-Nyy distances are ~0.07 A longer (Table 2.1).

Table 2.1. A comparison of core bond lengths (A) and angles (deg) in five coordinate Ta and Zr

complexes containing tridentate amido ligands having a mer structure.

MNeq  MNy  NpeM-Npyx M-Cq  Co-M-Cy
[AFFN,N]TaMe; 1.967(4) 2.087(4) 152.0(2) 2.191(6) 142.9(2)
2.078(5) 2.199(6)
[TESN,N]TaE{{N(CH=CH,)(TES)]2 1.996(8) 2.025(7)  152.2(3) 2.17(1)  111.2b

2.035(8) 2.009(7)c
[(Me3SiN-0-CgHy),N]TaMe;d 2.0774) 2.010(4) 149.8(2) 2.191(5) 130.6(2)
2.007(4) 2.164(5)
{[ATFN,NH]TaMe; } t€ 2.280(15) 1.981(12) 142.6(5) 2.09(2)  102.0(6)
1.965(13) 2.11(2)

[(Me3SiNCH,CH,),NAIMes]TaMeyd 2.22(2) 1.985(9) 148.9(6) 2.14(3) 106.6(12)

1.985(9) 2.20(3)
[MesNoNH]ZrMe,f 2.392(7) 2.097(6) 140.0(3) 2.249(9) 102.3(3)
2.097(6) 2.260(9)

[2,6-(AryINCH,),CsH3N]ZtMep8  2.325(4)  2.101(4)  139.6(2) 2.243(6) 102.4(3)
2.104(5) 2.248(7)

a TESN,N = (Et38iNCH,CH,),N; see reference 120. b Angle of N(2)-Ta-C(5) in the structure
shown in equation 2.1. ¢ Distance between Ta and the nitrogen in N(CH=CH,)(TES) ligand.
d See reference 129. € Anion = {MeB(CgF5)3}-; see Section 2.10. fSee Chapter 3. & Aryl =
2,6-Et,CgH3; see reference 123.
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2.6 Deprotonation-alkylation of [ArFN;NH]TaMe3.

The NH proton in [ArFN,NH]TaMes is relatively acidic as evidenced by the methane
elimination from the trimethyl complex to give [ArFN;N]TaMe;. Addition of MeLi to
[ArFN,NH]TaMej leads to deprotonation of the amino nitrogen according to the 1H NMR
spectrum. Subsequent addition of MeOTf produces yellow crystalline [ArFN,NMe]TaMe3
(equation 2.10). At room temperature, the 1H NMR spectrum of [ArTFN,NMe]TaMe3 reveals a
singlet resonance at 2.14 ppm for NMe and a singlet resonance at 1.07 ppm for TaMe. The
equivalent methyl ligands are all distinguishable at low temperatures. At -80 °C in toluene-dg, three
singlet resonances are found at 1.47, 1.15, and 0.89 ppm, two of which coalesce at -60 °C to give
two signals at 1.22 and 0.86 ppm in a ratio of 2:1. Therefore, we propose that the static structure
of [ArfFN,NMe]TaMej3 is mer. The mer structure is also found for the mesitylated diamidoamine
ligand in five coordinate group 4 complexes such as [MesN2NMe]ZrMe; (see Chapter 3). The
mechanism of the methyl ligand exchange in [ArFN,NMe]TaMes3 is presumably the same as that
proposed for [RN2O]TaMe3 and [ArFNoNH]TaMes. It is possible that the activation energy for
the fluxional process in [AfFN;NMe]TaMes is higher than that in [ArFN,NH]TaMe3. The
propensity of this fluxional exchange process in [ArFN;NR]TaMe3 (R = H, Me) is consistent with
the difference in coordination strength between NH and NMe, assuming that dissociation of the
amino nitrogen plays an important role in this process. It should be noted that a fluxional exchange

process is also observed for five coordinate [(Me3SiNCHCH3),NSiMe3]MR, (M =Ti, R = Me;

M =Zr, R = Bn) due to the weak coordination of the central amino nitrogen.lz’g’140
1. MeLi
2. MeOTYf
[ArFN,NH]TaMe, - [Ar"N,NMe]TaMe; (2.10)

In contrast to the formation of [ArFN;NMe]TaMe3 with MeOTf, deprotonation of
[ArFN,NH]TaMe3 followed by addition of Me3SiCl produces orange crystalline [ArFN;N]TaMes

(equation 2.11). The formation of [ArFN,N]TaMe; is unexpected and the mechanism is not clear
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at this point. It is likely that the reaction proceeds via a presumed trimethyl intermediate,
[ArFN,NSiMe3]TaMes, which eliminates tetramethylsilane to give [ArFN;N]TaMe; as the

thermodynamic product.

1. MeLi
2. Me,SiCl
[ArFN,NH]TaMe; — - [Ar'N,N]TaMe, @2.11)
- €
_LiCl
- SiMe,

2.7 Direct synthesis of dialkyl tantalum and niobium complexes containing [MesN,N]3-.

A synthetic methodology that takes advantage of the coordination chemistry of electrophilic
early transition metal halides with Lewis bases has been developed. Molybdenum triamidoamine
methyl complexes can be synthesized by addition of four equivalents of MeLi to a THF suspension
containing MoCl4(THF); and N(CH,CHoNHAryl)3.°8 It is likely that three equivalents of MeLi
are used to deprotonate the metal-ligand adduct and that the remaining one equivalent alkylates the
metal center. This methodology can be applied to group 4 and S chemistry providing a simple and
practical synthesis of some otherwise inaccessible complexes. The chemistry involving group 4
metals and Ho[MesN,NH] is described in Chapter 3.

Stirring a suspension of Hy[MesN2NH] and TaCls in diethyl ether or toluene results in a
thick slurry which presumably contains the {Hy[MesNoNH]}TaCls adduct. The insolubility of
this adduct in regular solvents precludes its characterization by solution NMR spectroscopy.
Attempts to observe the NH absorption by IR spectroscopy did not prove successful.
Nevertheless, the adduct can be either used in situ or isolated as a yellow solid. The isolated form
is preferred to allow for a higher yield in the subsequent reaction. Addition of five equivalents of

MeLi or MeMgl to {Hz[MesNoNH]}TaCls in diethyl ether produces [MesNoN]TaMe, (39% yield
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from the in situ prepared {H2[MesN,NH]}TaCls and 92% yield from the isolated
{Hz[MesN,NH]}TaCls; equation 2.12).

MClg
H,[MesN,NH] > {H,[MesN,NH] }MCl; (2.12)
Et,0 or toluene
5 MelLi or 5 MeMgl
> [MesN,N]MMe,
Et,O
M =Ta, Nb

The analogous niobium complex can be obtained in a similar manner. Addition of five
equivalents of MeMgI to adduct {Hz[MesN2NH] }NbCls produces [MesN2N]NbMe; as blood red
crystals in moderate yield (equation 2.12). The NMR data of [MesN,N]NbMe, are all similar to
those of [MesNyN]TaMej;. The !H NMR spectrum of [MesN;N]NbMe, reveals a singlet
resonance at 0.81 ppm for NbMe and a singlet at 2.33 ppm for the ortho mesityl methyl groups,
thus indicating Cpy symmetry. Attempts were also made to synthesize [MesNoNH]NbMe,, which
is presumably structurally analogous to [MesNoNH]ZrMe, (see Chapter 3) and has the formal
oxidation state of Nb(IV). Interestingly, the reaction between NbCl4(THF)2141 and
H>[MesN,;NH] followed by addition of four equivalents of MeMgl leads to a low yield of
[MesN2N]NbMe; as the only isolable product (equation 2.13). It is obvious that an undesired

redox process occurs on the niobium center as the reaction proceeds.

1. NbCl,(THF), ,,%——" [MesN,NH]NbMe,
H2 [MCSNZNH] + (2.13)

2. 4 MeMgl —
[MesN,N]NbMe,
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2.8 Synthesis of mixed-alkyl complexes.

Mixed-alkyl complexes can be prepared via alkyl halide intermediates. Addition of one
equivalent of element iodine to [ArFN;N]TaMe; or [ArN,O]TaMe3 produces [ArFN,N]TaMel and
[ArN2O]TaMe,l, respectively (equations 2.14-2.15). Analogous chloride complexes
[ArFN,;N]TaMeCl and [ArN;O]TaMe;Cl can also be prepared by employing ethereal HCI or
MesSiCl. Alternatively, the iodide complex [ArFN,N]TaMel can be obtained by the treatment of
[ArFN,N]TaMeCl with Me3Sil. Attempts to synthesize di- or trihalide complexes in a similar

manner were not successful.

I, or HC1 BnMgCl
[ArFN,N]TaMe, [ArFN,N]TaMeX [AfFN,N]TaMeBn  (2.14)
X=1Cl
I, or Me; SiCl
[AIN,O]TaMe; = [ArN,O]TaMe,X (2.15)
X=1,Cl

Subsequent alkylation of the methyl halide complexes produces the mixed-alkyl complexes.
For instance, the reaction between [ArFN;N]TaMeCl and BnMgCl yields orange crystalline
[ArFN,N]TaMeBn in moderate yield. Similar to the methyl resonance observed for
[ArFN,N]TaMej, the 'H NMR spectrum of [ArFN;N]TaMeBn also reveals a quintet resonance at
0.15 ppm (J = 6.8 Hz) for the methy] protons and a quintet resonance at 1.88 ppm (J = 5.3 Hz) for
the benzylic protons. The core structure of [ArFN;N]TaMeBn is presumably analogous to that of

[AFN,N]TaMe;.

2.9 Observation and isolation of cationic tantalum complexes.
Cationic tantalum complexes can be obtained by protonation of the central amido nitrogen

in the dimethyl complexes containing the triamido ligands, or by abstraction of a methyl ligand
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from the trimethyl complexes containing the diamido/donor ligands (equation 2.16; Table 2.2).

The first method can be regarded as a retrosynthesis from [AryIN,NH]?- to [AryIN,N]3- shown in

protonation
[AryIN,N]TaMe,
methy! abstraction
[AryIN,L]TaMe;
protonation
[AryIN,L]TaMe,
L=0O,NH

>  {[AryIN,L]TaMe,}*

(2.16)

Table 2.2. Synthesis of cationic tantalum dimethyl complexes according to equation 2.16.2

Ta complex reagent solvent cation anion
[AfFN)N]TaMe;  [PhMeoNH][B(CeFs)s] CD2Cly  [ArFN;NH]TaMe; B(CgFs)4
[ArFNoNH]TaMe; [PhMesNH][B(C¢Fs)4] CD2Cly  [ArFN;NH]TaMe; B(CeFs)4
[ArFNoNH]TaMe3 B(CgFs)3 PhCH3; [ArFN,NH]TaMe; MeB(CgFs)3
[PhN,O]TaMe3 B(CeFs)3 CH;Cl; [PhN2OJTaMe) MeB(CgFs)3
[PhN,O]TaMe3 [Ph3C][B(CeF5)4] CeDsBr  [PhN>O]TaMe; B(CeFs)4
[ArN2O]TaMes B(CeFs)3 CDyCly [ArN2O]TaMe) MeB(CgFs)3
[ArN;O]TaMe3  [Ph3C][B(CeF5s)4] CHyCl; [ArN20]TaMe; B(CeF5)4
[ArN,O]TaMes3 [Ph3C][BF4] CDyClp [ArN2O]TaMe; BF4
[AIN,O]TaMe3 [Ph3C][PFe¢] CH2Cl; [ArN;O]TaMe; PF¢

2 The !H NMR spectra of each reaction aliquot reveal quantitative formation of each product.
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equations 2.9 and 2.11. Protonation of a methyl ligand in the trimethyl complexes also leads to a
cationic species. For instance, the IH NMR spectrum of a mixture of [PhMe,NH][B(CgFs)4] and
[ArFN;N]TaMe, or [ArFN,NH]TaMes in CD,Cly suggests that {[ArFN;NH]TaMe;} {B(CgFs)4}
and free MeoNPh are formed. The NH proton is found at 4.50 ppm as a broad singlet resonance.
Methyl abstraction of [ArfN,;NH]TaMej by B(CgF5)3 in toluene produces an ion pair
{[ArFN;NH]TaMe, } {MeB(CgFs)3}, which can be isolated as a toluene solvate in quantitative
yield. Similarly, the reactions of [RN2O]TaMe3 (R = Ph, Ar) with B(CgFs)3 or [Ph3C]* also give
corresponding cationic tantalum dimethyl complexes in high isolated yields. These five coordinate
cationic tantalum complexes containing the diamido/donor (donor = O, NH) ligands are
isoelectronic with the corresponding neutral group 4 complexes. In general, these cations are
stable in the solid state at -30 °C, although their ultimate thermal stability has yet to be determined.
No reaction was found between 1-hexene and these cationic tantalum complexes under conditions

similar to those employed for the group 4 chemistry discussed in Chapters 1 and 3.

2.10 X-ray structure of {[ArFN;NH]TaMe;}{MeB(CgFs)3}.

A single crystal of {[ArFN;NH]TaMe;}{MeB(CgFs)3} was grown from a concentrated
dichloromethane solution at -30 °C. An X-ray structure (Figure 2.2) shows that the anion is
separated from the cation, with no contacts less than 3 A. The cation (Figure 2.3, Table 2.1) has a
core structure that is analogous to that of zwitterionic [(Me3SiNCH,CHj)>,NAIMe3]TaMe;, which
is obtained by attaching AlMe3 to the central amido nitrogen in [(MC3SiNCH2CH2)2N]TaM82.129
It is interesting to note that the central amino nitrogen in {[ArfNo,NH]TaMejs}+ is
only modestly distorted from planarity with C-Neq-C = 123.1° and Ta-Nggq-C angles
of 116.4° and 115.6° (sum = 355.1°). For comparison, the analogous angles in
[(Et3SiNCH,CH3),N]TaEt[N(CH=CH)(SiEt3)] are 110.2°, 120.9°, and 122.8° (sum =
353.9°),120 while the analogous sum of angles in [(Me3SiNCHCH,),NAIMe3]TaMes is
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102.0(6)
142.6(5)
118.6(10)
118.7(10)
123(2)

178.2
91.5

Figure 2.3. An ORTEP drawing (35% probability level) of the structure of cationic

{[ATFN,NH]TaMe; }+, with selected bond lengths (A), bond angles (deg), and dihedral angles

(deg). 2 Obtained from a Chem 3D model.
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326.5°.12% The C-Ta-C angle in {[ArFN,NH]TaMe; }* is 102.0(6)°, which is ~41° smaller than
that found in [ArFN;N]TaMe; but close to that found in [(Me3SiNCH,CH2)2NAIMe3]TaMe;
(106.6(12)°). We propose that the ortho fluorines on the CeFs rings in {[ATFN,NH]TaMej }+
have no room to interact with the metal, as they do in [ArfFN;N]TaMe; (Figure 2.1), and that the
rings are consequently turned approximately perpendicular to the TaN3 "pseudo-plane”. The more
spherically symmetric (versus almost planar) cation may also result from more efficient packing in

the crystal.

2.11 Reaction between LiNMe, and cationic {[ArFNoNH]TaMe; }+.

Stable group 5 methylidene complexes are rare.}42143 1t has been shown that methylidene
complexes can be obtained by deprotonation of a methyl group in cationic [Cp*2TaMej]*.
Attempts to synthesize a tantalum methylidene complex bearing tridentate diamido/donor ligands
using a similar methodology have not been successful. Addition of LiNMe; to
{[AfFN,NH]TaMe; } {MeB(CgFs)3} produces [ArFN;N]TaMe(NMey) as a yellow crystalline
solid in moderate yield (equation 2.17). It is likely that the formation of [ArFN,;N]TaMe(NMey) is
accompanied by methane elimination from a presumed six coordinate intermediate
[ATFN,NH]TaMe2(NMej). The methane elimination is analogous to that observed for the

formation of [ArFN,N]TaMe; from [ArFN,NH]TaMes.

CeF's
LiNMe, B
{[AF'N,NH]TaMe, } {MeB(C4Fs); } : - N—Ta Me @217
-L1{MeB(C6F5)3 } I NMCZ
-CH, N
~CoFs
ArfN,NH]TaMe
[Ar N NH[TaMes HNMe, / [ArFN,N]TaMe(NMe,)
or
[ArPN,N]TaMe, -nCH,
n=1or2
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The composition of [ArFN;N]JTaMe(NMejy) has been authenticated by combustion analysis
and by another synthetic approach involving the reactions of HNMe; with [ArfFN;NH]TaMe3 or
[ArFN,N]TaMe; (equation 2.17). The !H NMR spectrum of [ArFN;N]TaMe(NMey) reveals two
broad singlet resonances for the NMe> ligand, suggesting that the Ta-NMe, bond does not rotate
readily and that the C-N-C plane in the NMe ligand is not perpendicular to the equatorial plane of
the tantalum complex, presumably as a consequence of either the steric interaction between NMep
and the CgF5 rings or the py orientation of the dimethylamide nitrogen. The 19F NMR spectrum of
[ArFN,N]TaMe(NMej), however, indicates a free rotation of the CgFs rings at room temperature
on the NMR time scale. Therefore, the inequivalent methyl groups in NMe; is presumably due to
the pr-dy interaction between the dimethylamide nitrogen and the metal center. It is likely that the
orientation of NMe, in [ArFN,;N]TaMe(NMej) is analogous to that of the N(CH=CHj)(SiEt3)
ligand in [(Et3SiNCH2CH;),N]TaEt[N(CH=CH3)(SiEt3)] (a structure shown in equation 2.1), in
which C(20) and Si(2) lie on the equatorial plane with dihedral angles of N(4)-Ta-N(2)-C(20)
and N(4)-Ta-N(2)-Si(2) being ~0°,120 presumably due to the amide nitrogen py interaction
with the tantalum center (Ta-N(2) = 2.009(7) A). As it has been shown that
[(Et3SiNCH,CHj),N]TaEt[N(CH=CH;)(SiEt3)] is obtained by thermolysis of a triamidoamine
olefin complex [(Et3SiNCH,CH3)3N]Ta(CoHy) at 110 °C, it is likely that the formation of
[ArFN,N]TaMe(NMe,) instead of methylidene [ArFN,NH]TaMe(CHy) is for the thermodynamic

reason.

2.12 Reaction between PhNH; and [ArFN,;N]TaMe,.

Addition of PhNH; to [ArFN,;N]TaMe; produces a yellow crystalline compound for which
the combustion analysis and NMR data are consistent with a composition of tautomeric
[ArFN;N]TaMe(NHPh) or [ArFN,NH]TaMe(NPh). The NH proton is observed at 1.62 ppm as a

broad singlet resonance. The 1F NMR data suggest a high rotational barrier for the CgFs rings.
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Between -80 and 15 °C, five distinct fluorine resonances with equal intensity are observed. Two
fluorine signals coalesce at ~25 °C and another two at ~60 °C. The CgFs rings can rotate readily
only at temperatures > 80 °C. The 1H NMR spectrum indicates a free rotation of the phenyl ring at
room temperature, suggesting that the hindered rotation of the CgFs rings does not arise from steric
interactions with the phenyl group. It should be noted that in the mer structures of
[ArFN,;N]TaMe; (-80 °C) and [ArFN,;N]TaMeX (X = Cl, I, Bn; 25 °C) the CgFs rings rotate
readily on the NMR time scale. The pp-dy interaction observed between NMej and Ta in
[ArFN,;N]TaMe(NMe,) seems not to affect the rotation of its CgFs rings. Therefore, it is likely
that the product from the reaction between PhNH, and [ATFN,;N]TaMe, is
[ArFN,NH]TaMe(NPh), which contains a diamidoamine ligand with a fac geometry (equation
2.18). [ArFN;NH]TaMe(NPh) can be regarded as an analogue of the triamidoamine-based imido
complex, [(Me3SiNCHZCH2)3N]Ta=NPh,119 except that one of the arms in the triamidoamine

ligand has been disconnected.

_CéFs
¢ e I
o CH; PhNH, CF. N (2.18)

N—Tax —_ 675U .Ta—Me :
A" il

N N

~ C6F5 </ N\ H

[ArFN,N]TaMe, [ArFN,NH]TaMe(NPh)

The fac structure of [ArFN,NH]TaMe(NPh) is analogous to that observed in

144,145 2nd vanadium60

rhenium complexes containing similar C¢Fs-substituted diamidoamine
ligands. The phenyl substituted imido group presumably occupies an axial position, similar to that
observed for the oxygen atom in [(C¢FsNCHCH2),NCHoCH7;NHCgF5]ReCl(O). This reaction
should also be compared with that of [(Me3SiNCHCHj3),N]TaMe; with t-BuNHj, from which a

fac [(Me3SiNCH,CH3),NH]TaMe(N-t-Bu) containing an imido ligand trans (Njmide-Ta-Namine =
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174.0°) to the NH donor is isolated.!4® The TaN4C core of [ArFN,NH]TaMe(NPh) is
presumably analogous to that of [(Me3SiNCH,CH»),NH]TaMe(N-t-Bu).

DISCUSSION

We have shown that several tantalum complexes can be synthesized by employing a series
of tridentate amido ligands, in which the central donor functionality can be amide, amine, or ether.
Ligand design involves the incorporation of ethylene backbone and either aryl or alkyl substituents
on the amido nitrogens. It is obvious that aryl-alkyl amides are better ancillaries than alkyl-alkyl
amides due to their higher thermal stability and thereby more abundant chemistry. The alkyl
substituted amides [t-BuN2O]2- and [AdN,0]2- are probably too reducing, and therefore their
tantalum trimethyl complexes are only briefly stable at room temperature, in contrast to the tantalum
trimethyl complexes obtained from aryl substituted amides, [PhN,O]2- and [ArN,0]2-.
Decomposition involving t-butyl radicals has been proposed in systems which contain
[(--BuNSiMe,CH,),PPh12-147 or [t-BuNON]2->? However, adamantyl derived [AdN,O]TaMes3
does not show higher stability than the t-butyl analogue, although the formation of adamantyl
radicals is usually much slower due to its strained bicyclic rings.148’149 It should be noted that
attempts to synthesize group 4 complexes containing [t-BuN,0]2- and [AdN,0]2- ligands do not
lead to any identifiable compounds, in contrast to the recent reports of titanium complexes
containing monodentate alkyl-alkyl amides such as [N(i-Pr)2]- and [NCyg]'.lSO’151

Several ligands employed in this study contain an aryl substituent on the amido nitrogen.
Aryl ring rotation can be used as a convenient tool for understanding steric crowding in the
complexes. Hindered rotation of mesityl rings is observed for five coordinate group 4
diamidoamine complexes of the type [MesNoNR]MMe; (M = Ti, Zr, Hf; R = H, Me, Bn, BnF;
see Chapter 3), while free rotation of CgFs rings is usually observed for five coordinate group 5

complexes, including neutral [ArFN,;N]TaMeX (X = Me, Bn, NMe,, Cl, I) and cationic
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{[ArFN;NH]TaMe,}*. Steric interaction between equatorial ligands and mesityl groups is more
significant than that arising from CgFs rings, due to the different sizes of these aromatic rings. Fac
[ArFN,NH]TaMe(NPh) is the only compound in this study with significant hindered rotation for
the CgFs rings, but the steric hindrance is probably between the two CgF5 rings.

An important issue in amido complexes is the degree of m bonding between the amido
nitrogen and the metal. In general, the orientation of aromatic substituents in the amido complexes
can be indicative of this interaction. In [ArFN,N]TaMe;, the C¢Fs rings are aligned on the TaN3
plane such that the CgF5 aromatic system is probably in conjugation with the lone pairs of the axial
nitrogens, while in {[ArFNoNH]TaMe;}+ the rings are turned 90° such that the lone pair is likely
primarily involved in 7 bonding to the metal. Therefore, the © bonding for the former is expected
to be less significant than the latter. X-ray structural data show that the average Ta-N,x bond
lengths in [ArFN;N]TaMe; is ~0.11 A longer than that in {[AfFN,NH]TaMe;}+.

Several five coordinate tantalum dialkyl complexes have been synthesized. Trigonal
bipyramidal geometry is probably a general structure for all of the dimethyl complexes reported
here, including neutral [ArylN2N]TaMe; (Aryl = ArF, Mes) and cationic {[ArylN;L]TaMe;}*
(Aryl = ArF, Ph, Ar; L = O, NH). The nt bonding in the trigonal bipyramidal complexes discussed

here can be evaluated qualitatively using the coordinate system shown in Figure 2.4.

u\“\\\“

Figure 2.4. The coordinate system for trigonal bipyramidal complexes. The three p orbitals

parallel to the x axis correspond to the three p orbitals on the nitrogen atoms.

94



Chapter 2
The two d orbitals that are likely to be most important for 7t bonding are the dxy (A2 symmetry in
Cay, overlapping with the unsymmetric combination of the p orbitals on the axial nitrogens) and
dy, (B1 symmetry in Cpy, overlapping with the p orbital on the equatorial nitrogen). The X-ray
structural data suggest that in [ArFN;N]TaMe; there is a considerable degree of 7 bonding
between tantalum and both axial and equatorial nitrogens. A representation of the equatorial ¢
bonds transforms as 2A1 (pz, dx2.y2, or dz2) + By (px or dxz). Therefore, in the presence of dy; 7
bonding to Neg in [ArFN;N]TaMe,, only py is available to form two ¢ hybrids to the two methyl
groups in the equatorial positions and the C-Ta-C angle is consequently relatively large. In the
absence of significant 7 bonding between the metal and Neg, as in {[ATFN,NH]TaMe; }*, dy; also
may bé used to form the bonds to the methyl groups, and the C-Ta-C angle
can be much smaller. It should be noted, however, that the Ta-Neq bond length in
[(Et3SiNCH,CH7)2N]TaEt[N(CH=CH>)(SiEt3)] (1.966(8) A) suggests that

. bonding (using the dy; orbital) is significant,120

yet the Neg-Ta-Ceq angle in
[(Et3SiNCH,CH5)>N]TaEt[N(CH=CH,)(SiEt3)] (111.2°) is closer to the "small" C-Ta-C angle
found in {[ArFN,NH]TaMe;}*.

The structure of {[ATFN,;NH]TaMe;}+ is remarkably similar to that of [MesN,NH]ZrMe;
and [2,6-(AryINCH,),CsH3N]ZrMe; (Aryl = 2,6-Et;CgH3). Several structural data for these
species are listed in Table 2.1. The Ta-Nax, Ta-Neg, and Ta-Cq, distances are all approximately
0.1 A shorter than the corresponding distances in the zirconium complexes, presumably as a
consequence of the larger size of Zr(IV) compared to Ta(V).136 However, the Nax-M-N,x and
Cq-M-Cq angles in these complexes are closely similar, consistent with relatively poor or
no n bonding between the pyridyl nitrogen and the zirconium center in
[2,6-(AryINCH3),CsH3N]ZrMej;. It was concluded on the basis of extended Hiickel molecular
orbital studies that [2,6-(AryINCH;),CsH3N]2- is an eight electron ligand, and that the frontier
orbitals in the [2,6-(AryINCH3);CsH3N]Zr fragment consist of two a; orbitals and one by

orbital, 123 although their energies are significantly different than the aj and by orbital energies in

the analogous CpyZr fragment. Therefore it is perhaps not circumstantial that the Co-M-Cq, angles
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in [MesNaNH]ZrMe», [2,6-(ArNCH;)>CsH3N]ZrMe;, and {[ArFN,NH]TaMes }* are all similar
to each other and not much different than in a typical zirconocene dialkyl complex (e.g., 95.6(12)°
in CpyZiMey).15?

The cationic dimethyl complexes {[AryIN;L]TaMes}+ (Aryl = ArF, Ph, Ar; L = O, NH)

153

are especially interesting in view of the rarity of cationic tantalum(V) complexes =~ which do not

contain cyclopentadienyl derived ligands. [CpTaMe2][BF4] and related species are
prepared by treating trimethyl complexes with [Ph3C][BF4] in dichloromethane.!4?-143
[(M3-CsH4Me),TaMe;][BF4] and [Cp(n>-CsHsMe)TaMe;][BF4] are prepared by similar methods.
[(n3-CsH4Me),TaMeBr]* salts are also prepared, although they have not been thoroughly
characterized. Niobium and tantalum complexes of the type [CpoM(CH,SiMe3)z]* are
prepared by oxidation of the CppM(CH2SiMe3), complexes with AgBF4 or
A ngF6.15 4 Two biscyclopentadienyl complexes have been structurally characterized,
[Cp*2TaMe(OH)]1[B(OH)(CgF5)3]1!°> and [CpCp*TaMe,][OTf].13% In each case, a
pseudotetrahedral cation is observed. In the latter compound, the triflate ion is interacting weakly
with the cation through contacts that vary between 3.3 A and 3.5 A. The Cp-Ta-Cp* angle is
typical (136°), as are the Me-Ta-Me angle (96°) and Ta-Me distances (2.168(12) A and 2.174(12)
A). These values should be compared with the Nx-Ta-Nax angle (143°), Me-Ta-Me angle (102°)
and Ta-Me distances (2.09(2) A and 2.11(2) A) in {[ArFN,NH]TaMe;}+. We could find no other
examples of Ta(V) alkyl cations in the literature in which the tantalum is the cationic center. (In a
complex such as [Cp*(i-PrpHNBC4H4)TaMes ]+, the positive charge is localized on the nitrogen
center.!! l) Relatively weakly coordinating anions such as [M<3B(C61-"'5)3]'157’15 8 and [B(CeFs5)4]
159,160 are most likely to be compatible with cationic tantalum centers, unless the coordination
sphere is extremely crowded, as in 16 electron biscyclopentadienyl complexes such as
[(M3-CsHgMe),TaMe;1[BF4]. Even in [(Me3SiNCH,CHy)3N]TaMe(OTY), the triflate ion binds to
the metal (Ta-O = 2.243 A) at the expense of amine nitrogen donor binding (Ta-N = 2.536 A).ml

Attempts to synthesize a methylidene complex by deprotonation of cationic

{[ATFNoNH]TaMe; }+ were not successful, presumably because the methyl protons are less acidic
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than those in the tantallocene complexes.143 However, the synthesis of diamido/donor tantalum
complexes that contain a metal-ligand double bond should be possible. We have shown that in
[ArFN,N]TaMe(NMej) the dimethylamide ligand binds to the tantalum center with a
bond order presumably greater than one. According to NMR data, the m orbital
on this nitrogen does not lie on the TaN,C equatorial plane. The structural data of
[(Et3SiNCH2CH2)2N]TaEt[N(CH=CH2)(SiEt3)]120 reveals that the nitrogen py orbital is probably
perpendicular to the two o frontier orbitals for the TaN3 fragment. A set of proposed frontier
orbitals is shown in Scheme 2.3, in which the ¢ bonding can involve either d;2 + px or d;2 + dx;
depending on whether the dy; is used for 7w bonding to the Neggq in the tridentate amido ligand. In
either case, the 7 orbital (dy;) is perpendicular to the plane that contains the two o orbitals, i.e.,
px(0) or dxz(0). The difference with metallocene chemistry thus becomes significant. The three

frontier orbitals in bent metallocenes lie on the same plane that bisects the CpoM wedge. 162

4,2 (0) p, (0) d,, (©) d,, (m)

Scheme 2.3. Proposed frontier orbitals for [RN2N]Ta and [RN,NH]Tat fragment in trigonal

bipyramidal complexes.

Catalytic polymerization may be understood by electron count of the cationic species. The
stability of {[AryIN,L]TaMe;}* (Aryl = Arf, Ph, Ar; L = O, NH) species perhaps accounts for
their being inactive for ci-olefin polymerization. {[AryINoL]TaMe;}+ is a twelve electron species
if only one significant 7 bond is invoked from the diamido/donor ligand. They are isoelectronic
with all neutral dialkyl or cationic monoalkyl monosolvate group 4 complexes that contain

diamido/donor ligands. It has been shown that twelve electron monoalkyl group 4 cations must
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lose a base to yield a ten electron active species for o-olefin polymerization.72 Therefore, it may
not be surprising that the cationic tantalum complexes reported here are not active catalysts since
there are no potentially labile ligands present. In addition, the coordination of a-olefins to the
cationic metal center is presumably weak as a consequence of the steric crowding of six coordinate

olefin adducts and the frontier orbital orientation from the [AryIN;L]Ta* fragment (L = O, NH).

CONCLUSIONS

A series of tantalum complexes that contain a tridentate amido ligand have been synthesized
in both neutral and cationic forms. The ligand family includes trianionic triamido and dianionic
diamido/donor (donor = O, NR) ligands. TaMes proved to be a general and convenient starting
material for this study. Direct synthesis involving metal halides, neutral ligands, and alkyl
Grignard/lithium is another important entry into group 5 chemistry, particularly for niobium.

The nature of the ancillary ligands is proven to be vital in this study. Non-aromatic
derivatives such as [t-BuN>0]2- and [AdN;0]2- do not afford significant chemistry as compared to
their aromatic counterparts such as [PhN,0]%- and [ArN;O]2-. Trimethyl [t-BuN,O]TaMe3 and
[AdN,O]TaMes are far less stable than their arylated analogues. In spite of essentially the same
steric bulk between [t-BuN0]2- and [t-BuNON]z',52’5 3 the electronic property of the former
significantly limits the synthesis of its group 4 and 5 complexes.

Trigonal bipyramid is a general type of structure for all neutral or cationic dialkyl tantalum
complexes. The 7 bonding in these trigonal bipyramidal complexes is briefly discussed by
employing structural and NMR data. The frontier orbitals for the TaN3 fragment are different from
those in bent metallocenes,162 particularly in the orientation of the 7 orbitals. The stable cationic
tantalum complexes reported here constitute a new group of tantalum(V) cations which is outside
the cyclopentadienyl class. In view of the search for non-cyclopentadienyl ligand systems related

to metallocene chemistry, the diamido/donor ligands are beneficial at this standpoint.
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EXPERIMENTAL SECTION

General Procedures. Unless otherwise specified, all experiments were performed
under nitrogen in a Vacuum Atmospheres glovebox (model HE-493) equipped with a
regeneration/circulation device (Dri-Train) or by using standard Schlenk techniques. Oxygen level
(< 2 ppm) were monitored with ZnEt; (1 M solution in hexane, Aldrich), and water levels (< 2
ppm) were monitored with TiCly (neat, Strem). All solvents were reagent grade or better. Toluene
and 1,2-dimethoxyethane were distilled from sodium/benzophenone ketyl. Diethyl ether and
tetrahydrofuran were sparged with nitrogen and passed through two columns of activated alumina.
Pentane was sparged with nitrogen, and passed through one column of activated alumina followed
by another column of activated Q5.100 Dichloromethane was distilled from CaH; under nitrogen.
Molecular sieves and Celite were activated in vacuo (10-3 Torr) for 24 hours at 175 and 125 °C,
respectively. All dry solvents were degassed with nitrogen before introduction into the glovebox,
where they were stored over activated 4 A molecular sieves. All NMR solvents were sparged with
nitrogen and dried over activated 4 A molecular sieves for days prior to use.

Spectroscopic Analyses. The NMR spectra were recorded on Varian instruments (1H,
500.2 or 300.0 MHz; 19F, 470.6 or 282.1 MHz; 13C, 125.8 or 75.4 MHz; 31P, 121.5 MHz).
Chemical shifts (8) are listed as parts per million downfield from tetramethylsilane and coupling
constants (J) are in hertz. 1H NMR spectra are referenced using the residual solvent peak at § 7.16
for CgDg, & 7.27 for CDCl3, § 7.29 for C¢D5sBr (the most upfield resonance), § 5.32 for CD2Clp,
§ 2.09 for toluene-dg (the most downfield resonance), and § 2.05 for CD3COCD3. 13C NMR
spectra are referenced using the residual solvent peak at § 128.39 for CgDg, 8 77.23 for CDCl3, §
54.00 for CD,Cly, § 137.86 for toluene-dg (the most downfield resonance), and & 29.92 for
CD3COCD3 (the upfield resonance). !9F NMR spectra are externally referenced using a
chloroform solution of CFCl3 at § 0. 31P NMR spectra are externally referenced using a benzene
solution of PPhj3 at § -4.78. Routine coupling constants are not listed. All NMR spectra were
recorded at room temperature unless noted otherwise. IR spectra were recorded as films in

specified solvents between NaCl plates on Perkin Elmer 1600 FTIR spectrometer. High resolution
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mass spectra were recorded on a Finnigan MAT 8200 Sector Mass Spectrometer at the MIT
Department of Chemistry Instrumentation Facility. Elemental analyses were performed in our
laboratory on a Perkin Elmer 2400 CHN analyzer or by H. Kolbe Mikroanalytisches
Laboratorium, Miilheim an der Ruhr, Germany.

Starting materials. Hy[ArN201,7172 NbCI4(THF),,'4! TaMe3Cly,'?!%* and
TaMe5131’132 were prepared according to the literature procedures. The synthesis procedure for
Hy[MesN,oNH] was described in Chapter 3. [HNMezPh][B(CgFs5)4] and [Ph3C][B(C¢F5)4] were
provided by Exxon Chemical Corporation. All other chemicals were purchased from commercial
suppliers. MeLi was titrated with i-PrOH by employing 1,10-phenathroline as an indicator.
Aniline, 1,4-dioxane, and triethylamine were sparged with nitrogen and dried over activated 4 A

molecular sieves for days prior to use. All other chemicals were used as received.

E.2.1 [MesN,N]3- ligand system.

[MesNzN]TaMéz. Method A: A diethyl ether solution of TaMes was prepared in situ
as follows: MeLi (0.29 mL, 2.12 M in diethyl ether, 0.615 mmol, 2 equiv.) was added to a diethyl
ether solution (3 mL) of TaMe3Cl; (91 mg, 0.306 mmol) at -30 °C. The formation of TaMes was
judged by the observation of LiCl precipitation from the diethyl ether solution. The temperature of
TaMes solution was carefully maintained below 0 °C to avoid rapid decomposition. (A dark
solution with black precipitates was typically observed if TaMes decomposed in diethyl ether.) To
the TaMes solution at -30 °C was added a diethyl ether solution (4 mL) of Hy[MesN;NH] (104
mg, 0.306 mmol) at -30 °C. The reaction solution was stirred at room temperature overnight
(~19 h) and filtered through Celite to remove LiCl. The filtrate was concentrated in vacuo until the
volume was ~1 mL. Pentane (~1 mL) was layered on top and the solution was cooled to -30 °C to
give an orange crystalline solid. The supernatant was decanted and the orange solid was dried in
vacuo; yield 147 mg (88%). Method B: Cold diethyl ether (3 mL, -30 °C) was added to a solid
mixture of TaCls (106 mg, 0.296 mmol) and Ho[MesN,NH] (100 mg, 0.295 mmol) at -30 °C.
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The reaction mixture was stirred at room temperature for 1 h to give an off-white thick slurry. The
slurry was cooled to -30 °C and MeLi (1.08 mL, 1.4 M in diethyl ether, 1.512 mmol, 5.1 equiv.)
or MeMgl (0.71 mL, 2.12 M in diethyl ether, 1.505 mmol, 5.1 equiv.) was added. Gas evolution
was observed. The reaction mixture was stirred at room temperature overnight (~21 h). Insoluble
materials were removed by filtration with Celite and washed with diethyl ether (2 mL). The filtrate
was concentrated in vacuo to give an orange crystalline solid; yield 63 mg (39%). Method C:
Analogous to Method B except the adduct {Hy[MesN,NH] }TaCls was prepared and isolated from
a mixture of TaCls (106 mg, 0.296 mmol) and Hp[MesN,NH] (100 mg, 0.295 mmol) in toluene
(10 mL) at 80 °C for 12 h. MeLi was added to a diethyl ether suspension of
{Hy[MesN,NH]} TaCls; yield 149 mg (92%): 'H NMR (Cg¢Dg) 5 6.83 (s, 4, Aryl), 4.14 (t, 4,
NCHy), 4.02 (t, 4, NCHy), 2.35 (s, 12, Mey), 2.10 (s, 6, Mep), 0.63 (s, 6, TaMe); 13C NMR
(CeDg) 6 145.80 (C, Aryl), 136.11 (C, Aryl), 135.57 (C, Aryl), 130.43 (CH, Aryl), 66.18
(TaMe), 63.52 (NCH3), 62.45 (NCHz), 21.29 (Mep), 18.95 (Meo). Anal. Calcd. for
Cpr4H3eN3Ta: C, 52.65; H, 6.63; N; 7.67. Found: C, 52.49; H, 6.57; N, 7.53.
[MesN;N]NbMe;. Method A: Cold diethyl ether (3 mL, -30 °C) was added to a
solid mixture of Ho[MesNoNH] (99 mg, 0.292 mmol) and NbCls (79 mg, 0.292 mmol) at -30 °C
to give a homogeneous dark brown solution. The solution was stirred at room temperature and
dark solid precipitated after 10 min. After being stirred for 2 h, the reaction mixture was cooled to
-30 °C and MeMgl (0.49 mL, 3 M in diethyl ether, 1.470 mmol, 5 equiv.) was added. The
reaction mixture was stirred at room temperature for 4 h and 1,4-dioxane (5 drops) was added.
Insoluble materials were removed by filtration through Celite. The filtrate was concentrated in
vacuo until the volume was ~1 mL. The concentrated solution was cooled to -30 °C to give blood
red crystals. The supernatant was decanted and the crystals were dried in vacuo; yield 60 mg
(45%). Method B: A mixture of diethyl ether (3 mL) and THF (1 mL) at -30 °C was added to a
solid mixture of Hy[MesNoNH] (99 mg, 0.292 mmol) and NbCl4(THF); (110 mg, 0.290 mmol)
at -30 °C. The brown solution was stirred at room temperature for 1.5 h and cooled to -30 °C.

MeMgl (0.39 mL, 3 M in diethyl ether, 1.17 mmol, 4 equiv.) was added to this cold solution.
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Gas evolution was observed and the solution immediately turned deep red along with solid
precipitation. The reaction mixture was stirred at room temperature for 3 h. All volatile
components were removed in vacuo. The residue was treated with diethyl ether (5 mL) and
1,4-dioxane (5 drops). Insoluble materials were removed by filtration through Celite. The filtrate
was concentrated in vacuo until the volume was ~1 mL and cooled to -30 °C overnight to give
blood red crystals; yield 14 mg (10%): 'H NMR (C¢Dg) & 6.81 (s, 4, Aryl), 3.98 (s, 8, NCHp),
2.33 (s, 12, Mey), 2.08 (s, 6, Mep), 0.81 (s, 6, NbMe); 13C NMR (CgDg) 8 146.14 (C, Aryl),
136.09 (C, Aryl), 135.74 (C, Aryl), 130.43 (CH, Aryl), 65.06 (NCH,), 62.86 (NCHy), 21.30
(Mep), 19.05 (Me,), NbMe not found. Anal. Calcd. for C24H36N3Nb: C, 62.74; H, 7.90; N;
9.15. Found: C, 62.59; H, 7.78; N, 9.06.

E.2.2 [RN7O]?- ligand system (R = alkyl, aryl).

O[CH2C(O)NH(t-Bu)]2. A 500 mL one-neck round-bottom flask was charged with a
THF solution (150 mL) of O[CH,C(O)Cl]; (16.977 g, 0.099 mol). The solution was cooled to
0 °C. A mixture of NEt3 (20.095 g, 0.199 mol, 2 equiv.) and t-BuNH> (14.524 g, 0.199 mol, 2
equiv.) in THF (30 mL) was transferred to the diglycolyl chloride solution via a cannula. An
exothermic reaction occurred and a large amount of white solid formed immediately. After the heat
subsided, the reaction mixture was stirred at room temperature for an additional 12 h. The white
solid was removed by filtration using a coarse frit and washed with THF (25 mL x 2). The filtrate
was evaporated on a rotary evaporator and dried in vacuo to give a light yellow oil which solidified
at room temperature upon standing; yield 24.26 g (100%): 1H NMR (CDCl3) § 6.27 (br s, 2,
NH), 3.86 (s, 4, OCHy), 1.33 (s, 18, NCMe3); 13C NMR (CDCl3) § 167.72 (CO), 71.53
(OCHy), 51.28 (NCMej3), 28.86 (NCMe3).

H[t-BuN20O]. To a suspension of LiAlHg (19.471 g, 0.513 mol, 5.23 equiv.) in DME
(200 mL) at 0 °C was added a solution of O[CH,C(O)NH(t-Bu)], (23.880 g, 0.098 mol) in DME

(50 mL) at a rate such that gas evolution was under control. After heat and gas evolution subsided,
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the ice bath was removed and the solution was heated to refluxing for 25 h under nitrogen. The
reaction mixture was cooled to room temperature and poured into an empty 1 L beaker. The
mixture was quenched by sequential addition of deionized water (20 mL), 15% aqueous NaOH
solution (20 mL), and deionized water (60 mL) at a rate such that gas evolution was under control.
The gray solid thus generated was removed by filtration and washed with CHCl3 (40 mL x 2).
The filtrate was dried over MgSQy and filtered. All volatile components were removed from the
filtrate on a rotary evaporator and the residue was dried over CaH in refluxing toluene. All
insoluble components were removed by filtration. Colorless crystals were obtained by sublimation
of the toluene filtrate (23°C/80 mTorr) on a cold surface (temperature < -15 °C). Yield varied
(23-30%) depending on the effectiveness of sublimation: IR (THF): NH(st) 3463 cm'l; 1HNMR
(CDCl3) 6 3.53 (t, 4, OCHy), 2.59 (t, 4, NCHp), 1.01 (s, 18, NCMe3), NH not found; 'H NMR
(toluene-dg) & 3.48 (t, 4, OCHp), 2.43 (t, 4, NCHy), 0.93 (s, 18, NCMe3), NH not found; I
NMR (Cg¢Dg) 5 3.48 (t, 4, OCHp), 2.41 (t, 4, NCHp), 0.99 (s, 18, NCMe3), NH not found; 13C
NMR (CDCl3) § 61.48 (OCH3), 50.24 (NCMe3), 44.17 (NCHy), 29.02 (NCMe3).

O[CH,C(O)NHAd];. A 300 mL one-neck round-bottom flask was charged with a
THF solution (100 mL) of O[CH,C(O)Cl], (6.132 g, 35.864 mmol). The solution was cooled to
0 °C. A mixture of NEt3 (7.258 g, 71.728 mmol, 2 equiv.) and 1-adamantanamine (10.849 g,
71.728 mmol, 2 equiv.) in THF (60 mL) was transferred to the diglycolyl chloride solution via a
cannula. An exothermic reaction occurred immediately and a large amount of white solid formed.
After the heat subsided, the reaction mixture was stirred at room temperature for an additional 12 h.
The white solid was removed by filtration using a coarse frit and washed with THF (15 mL x 2).
The solvent was removed in vacuo. The product was obtained as a light yellow oil which
solidified at room temperature upon standing; yield 14.35 g (99%): TH NMR (CDCl3): 6.06 (br s,
2, NH), 3.91 (s, 4, OCHyp), 2.11 (br s, 6, Ad), 2.03 (br s, 12, Ad), 1.70 (br s, 12, Ad); 13C
NMR (CDCl3): 167.37 (CO), 71.24 (OCHy), 51.86 (C, Ad), 41.55 (CHz, Ad), 36.21 (CHy,
Ad), 28.35 (CH, Ad). HRMS (EI, 70 eV): m/z calcd. for C14H21N203 400.272593, found
400.27246.
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H,[AdN,O]. To a suspension of LiAlH4 (7.100 g, 0.187 mol, 5.2 equiv.) in DME
(100 mL) at 0 °C was added solid O[CH>C(O)NHAd]; (14.36 g, 0.036 mol) at a rate such that gas
evolution was under control. After heat and gas evolution subsided, the ice bath was removed and
the solution was heated to refluxing for 24 h under nitrogen. The reaction mixture was cooled to
room temperature and poured into an empty 1 L beaker. The reaction was quenched by sequential
addition of deionized water (7.1 mL), 15% aqueous NaOH solution (7.1 mL), and deionized water
(21.3 mL) at a rate such that gas evolution was under control. The gray solid thus obtained was
removed by filtration and washed with CHCl3 (20 mL x 2). The CHCIl3 solution was dried over
MgSOy4 and filtered. All volatile components were evaporated and the resulting residue was dried
over CaHj in refluxing toluene. All insoluble components were removed by filtration and the
solvent was removed in vacuo until the volume was ~10 mL. Pentane (50 mL) was added to
precipitate a white solid which was collected by filtration and washed with pentane; yield 4.12 g
(31%): IR (THF): NH(st) 3503 cm'!; IH NMR (Cg¢Dg) & 3.43 (t, 4, OCHp), 2.43 (t, 4, NCH»),
1.92 (br s, 6, Ad), 1.58-1.41 (m, 24, Ad), NH not found; IH NMR (toluene-dg) & 3.40 (t, 4,
CH,), 2.42 (t, 4, CHp), 1.90-1.39 (m, 30, Ad), NH not found; 'H NMR (CDCl3) § 3.56 (t, 4,
OCHy), 2.68 (t, 4, NCHy), 2.02 (br s, 6, Ad), 1.64-1.46 (m, 24, Ad), NH not found; IH NMR
(CD,Clp) & 3.47 (t, 4, OCHp), 2.70 (t, 4, NCHp), 2.04 (br s, 6, Ad), 1.68-1.60 (m, 24, Ad), NH
not found; 13C NMR (CDCl3) § 61.94 (OCHy), 41.99 (NCH>), 50.40 (NC, Ad), 43.11 (CHy,
Ad), 36.91 (CHp, Ad), 29.77 (CH, Ad).

O[CH,2C(O)NH(i-Pr)]3. To a THF solution (60 mL) of O[CH2C(O)Cl]2 (4.012 g,
23.465 mmol) at -35 °C was added a cold mixture of NEt3 (4.749 g, 46.929 mmol, 2 equiv.) and
i-PrNH, (2.774 g, 46.929 mmol, 2 equiv.) in THF (10 mL) at -35 °C. The reaction mixture was
stirred at room temperature for an additional 4 h. White solid was removed by filtration using a
coarse frit and washed with THF (25 mL x 3). The solvent was evaporated from the filtrate to give
an off-white solid; yield 5.06 g (100%): 'H NMR (CDCl3) 8 6.41 (br s, 2, NH), 4.12 (septet, 2,
CHMe»), 3.99 (s, 4, OCHy), 1.17 (d, 12, CHMey).
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H;[i-PrN,0O]. This compound was prepared from O[CH,C(O)NH(i-Pr)]2 and LiAlH4
in 2 manner similar to that of Hy[t-BuN,O] or Hy[AdN;0] except in refluxing THF for 26 h; yield
28%: IH NMR (CDCl3) § 3.56 (t, 4, OCHj), 2.80 (septet, 2, CHMey), 2.77 (t, 4, NCHy), 1.06
(d, 12, CHMe3), NH not found.

O[CH,C(O)NHPh],. To a THF solution (20 mL) of O[CH2C(O)Cl]3 (512 mg, 3.817
mmol) was sequentially added a THF solution (15 mL) of N,N'-dicyclohexylcarbodiimide (1.575
g, 7.633 mmol, 2 equiv.) and a THF solution (10 mL) of aniline (711 mg, 7.633 mmol, 2 equiv.)
with stirring at room temperature. An exothermic reaction occurred during addition of aniline.
After being stirred at room temperature for 18 h, the reaction mixture was filtered with a fritted
funnel. The filtrate was concentrated on a rotary evaporator and the solvent was completely
removed in vacuo to give an off-white solid; yield 1.07 g (98 %): 'H NMR (CD3COCD3) 5 9.64
(brs, 2, NH), 7.75 (d, 4, Hy), 7.33 (t, 4, Hp), 7.10 (t, 2, Hp), 4.32 (s, 4, OCHy).

H,[PhN;O]. LiAlHy4 (763 mg, 20.119 mmol, 5.2 equiv.) was slowly added to a stirred
diethyl ether solution (40 mL) of O[CH,C(O)NHPh]> (1.10 g, 3.869 mmol) at 0 °C. The addition
was controlled at a rate such that gas evolution was mild. The reaction mixture was stirred at room
temperature for 18 h and quenched by addition of saturated aqueous NaHCO3 solution (200 mL) in
the presence of crushed ice (~100 mL). The mixture was filtered and the filtrate was extracted with
diethyl ether (200 mL). The extract was dried over MgSOy4 and filtered. The solvent was removed
in vacuo to give a yellow oil; yield 630 mg (63%): 1H NMR (CD3COCD3) § 7.09 (t, 4, Hp),
6.64 (d, 4, Ho), 6.58 (t, 2, Hp), 4.86 (br s, 2, NH), 3.67 (t, 4, OCHy), 3.28 (q, 4, NCHp); 1H
NMR (CDCl3) § 7.19 (t, 4, Hp), 6.73 (t, 2, Hp), 6.64 (d, 4, Hy), 3.94 (br s, 2, NH), 3.71 (t, 4,
OCHy), 3.33 (t, 4H, NCHy); 13C NMR (C¢Ds) 8 149.0 (Cipso), 129.9 (Cn), 118.2 (Cp), 113.7
(Co), 69.9 (OCH3), 44.0 (NCH;). HRMS (EI, 70 eV): m/z calcd. for C16H20N20 256.157563,
found 256.15765.

O[CH,C(O)NH(2-t-Bu-CgHg)]2. To a THF solution (40 mL) of O[CH,C(O)Cl]>
(3.016 g, 17.639 mmol) at -35 °C was added a mixture of NEt3 (3.570 g, 35.279 mmol, 2 equiv.)

and 2-tert-butylaniline (5.265 g, 35.279 mmol, 2 equiv.) in THF (10 mL). The reaction mixture
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was stirred at room temperature for an additional 30 min. White solid was removed by filtration
using a coarse frit and washed with THF (25 mL x 3). The solvent was evaporated from the
filtrate to give a light-yellow oil which solidified at room temperature upon standing; yield 6.95 g
(99%): 'H NMR (CDCl3) § 8.64 (br s, 2, NH), 7.99 (d, 2, Aryl), 7.70 (d, 2, Aryl), 7.55 (t, 2,
Aryl), 7.48 (t, 2, Aryl), 4.66 (s, 4, OCHy), 1.70 (s, 18, CMe3); 13C NMR (CDCl3) & 166.53
(CO), 142.46 (Cipso), 134.19 (C-t-Bu, Aryl), 127.22 (CH, Aryl), 127.01 (CH, Aryl), 126.81
(CH, Aryl), 126.57 (CH, Aryl), 71.99 (OCHp), 34.63 (CMe3), 30.75 (CMe3).

H5[(2-t-Bu-CgH4)N20]. This compound was prepared from O[CH,C(O)NH(2-t-Bu-
CeHa)l2 (6.71 g, 0.017 mol) and LiAlH4 (3.40 g, 0.090 mol, 5.3 equiv.) in a manner similar to
that of Hp[t-BuN»O] or Hy[AdN,O] except in refluxing THF (100 mL) for 20 h. After work-up
the oily residue was purified by vacuum distillation. The product was obtained as a red viscous oil
(180 °C/140 mTorr); yield 2.48 g (40%): TH NMR (CD3COCD3) 5 7.17 (d, 2, Aryl), 7.05 (t, 2,
Aryl), 6.69 (d, 2, Aryl), 6.61 (t, 2, Aryl), 4.47 (br s, 2, NH), 3.84 (t, 4, OCHyp), 3.38 (t, 4,
NCH>), 1.38 (s, 18, CMe3); 13C NMR (CD3COCD3) & 147.39 (Cjpso), 134.08 (C'Bu, Aryl),
127.80 (CH, Aryl), 126.75 (CH, Aryl), 117.80 (CH, Aryl), 112.71 (CH, Aryl), 69.94 (OCHp),
44.68 (NCHy), 34.68 (CMe3), 30.13 (CMe3). HRMS (EI, 70eV): m/z calcd. for C24H36N20
368.282764, found 368.28290.

O{CH,C(O)NH[3,5-CgH3(CF3)21}2. A 250 mL one-neck round-bottom flask was
charged with a THF solution (40 mL) of O[CH>C(O)Cl]2 (8.205 g, 0.048 mol) and cooled to
0 °C. A mixture of NEt3 (9.712 g, 0.096 mol, 2 equiv.) and 3,5-bis(trifluoromethyl)aniline
(21.991 g, 0.096 mol, 2 equiv.) in THF (40 mL) was transferred to the diglycolyl chloride
solution via a cannula. An exothermic reaction occurred and a large amount of white solid formed
immediately. After the heat subsided, the reaction mixture was stirred at room temperature for an
additional 12 h. White solid was removed by filtration using a coarse frit and washed with THF
(30 mL x 2). The solvent was removed in vacuo. The off-white solid thus obtained was washed
with diethyl ether (25 mL x 2) to give a snow-white solid; yield 16.12 g (60%): IH NMR
(CD3COCD3) § 10.44 (br s, 2, NH), 8.50 (s, 4, Hy), 7.76 (s, 2, Hp), 4.47 (s, 4, OCHy); 13C
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NMR (CDCl3) § 169.13 (CO), 139.85 (Cipso), 131.84 (CCF3, Aryl, 2Jcr = 31), 123.40 (CF;3,
1jcp = 272), 120.24 (CH, Aryl), 117.35 (CH, Aryl), 72.50 (OCHz). HRMS (EL 70 eV): m/z
caled. for CogH12F12N203 556.065631, found 556.0650.

O[CH,C(O)NHArF];. A 250 mL one-necked round-bottom flask was sequentially
charged with O[CH2C(O)Cl]2 (3.450 g, 20.180 mmol), acetonitrile (100 mL), pentafluoroaniline
(7.389 g, 40.359 mmol, 2 equiv.), and K2CO3 (5.578 g, 40.359 mmol, 2 equiv.). The flask was
equipped with a condenser and the solution was heated to refluxing for 45 min. The reaction
mixture was cooled to room temperature and deionized water (200 mL) was added. Organic
compounds were extracted with diethyl ether (150 mL), washed with saturated aqueous NaCl
solution (~50 mL), and dried over MgSO4. The MgSO4 was removed by filtration and the solvent
was evaporated. The residue was washed with diethyl ether (10 mL x 2) to give an off-white solid
which was dried in vacuo; yield 5.795 g (62%): 'H NMR (CD3COCD3) & 9.43 (br s, 2, NH),
4.51 (s, 4, OCHp); 19F NMR (CD3COCD3) § -147.69 (d, 4, Fo), -160.62 (t, 2, Fp), -166.70 (t,
4, Fy); 13C NMR (CD3COCD3) 6 168.95 (CO), 144.17 (Co, LicE = 248), 140.74 (Cp, lJcg=
250), 138.51 (Cm, LJCF = 247), 112.95 (Cipso), 71.58 (OCHp). HRMS (EL, 70 eV): m/z calcd.
for C16HgF10N203 464.021875, found 464.02184.

[t-BuN2O]TaMe3. A diethyl ether solution of TaMes was prepared in situ as follows:
MeLi (0.85 mL, 1.4 M in diethyl ether, 1.185 mmol, 2 equiv.) was added to a diethyl ether
solution (3 mL) of TaMe3Clj (176 mg, 0.593 mmol) at -35 °C. The formation of TaMes was
judged by the observation of LiCl precipitation from the diethyl ether solution. The temperature of
TaMes solution was carefully maintained below 0 °C to avoid rapid decomposition. (A dark
solution with black precipitates was typically observed if TaMes decomposed in diethyl ether.) To
the TaMes solution at -35 °C was added a diethyl ether solution (3 mL) of H5[t-BuN7O] (128 mg,
0.593 mmol) at -35 °C. The reaction solution was transferred to an air-free Teflon-sealed Schlenk
tube and kept in an isothermal bath at -15 °C for 14 h; at this moment an aliquot was checked by IH
NMR spectroscopy which showed quantitative formation of the product. LiCl was removed by

filtration through Celite at ~0 °C to give yellow filtrate. (Note: The product decomposes at room
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temperature.) All volatile components were removed in vacuo and the product was obtained as a
yellowish brown oil; yield 192 mg (74%): IH NMR (CgDg) & 4.56 (t, 4, OCHp), 2.79 (dt, 4,
NCHj3), 1.06 (s, 18, NCMe3), 0.47 (s, 9, TaMe); 13C NMR (C¢Dg) & 73.76 (OCHy), 52.34
(NCMe3), 50.36 (NCMe3), 45.72 (NCHy), 29.75 (TaMe).

[AdN20O]TaMes. A diethyl ether solution of TaMes was prepared in situ (as described
above in the preparation of [t-BuN>O]TaMe3) from a diethyl ether solution (3 mL) of TaMe3Cl,
(90 mg, 0.303 mmol) and MeLi (0.44 mL, 1.4 M in diethyl ether, 0.616 mmol, 2.03 equiv.) at
-35 °C. Solid H[AdN>O] (113 mg, 0.303 mmol) was added to the TaMes solution at -35 °C. The
reaction mixture was transferred to an air-free Teflon-sealed Schlenk tube and kept in an isothermal
bath at -5 °C for 12 h; at this moment an aliquot was analyzed by 1H NMR spectroscopy which
showed quantitative formation of [AdN,O]TaMes. The reaction solution was filtered through
Celite at ~0 °C to give colorless filtrate. (Note: The product slowly decomposes at room
temperature.) The solvent was removed in vacuo to give a colorless oil which was pure
[AdN,O]TaMej according to its IH NMR spectrum,; yield 169 mg (94%): 1H NMR (CgDg) 5 4.61
(t, 4, OCHy), 2.88 (dt, 4, NCHy), 0.54 (s, 9, TaMe), 1.98 (br s, 6, Ad), 1.65 - 1.58 (m, 24,
Ad); 13C NMR (CgDg) 8 74.00 (OCHp), 52.50 (TaMe), 50.56 (NC, Ad), 43.86 (CH;, Ad),
43.75 (NCHy), 37.54 (CH3, Ad), 30.48 (CH, Ad).

[PhN,O]TaMes. A diethyl ether solution of TaMes was prepared in situ (as described
above in the preparation of [t-BuN,O]TaMe3) from a diethyl ether solution (3 mL) of TaMe3Cly
(297 mg, 1.000 mmol) and MeLi (1.43 mL, 1.4 M in diethyl ether, 2.000 mmol, 2 equiv.) at
-35 °C. To this TaMes solution at -35 °C was added a diethyl ether solution (2 mL) of Hp[PhN,O]
(256 mg, 1.000 mmol) at -35 °C. Insoluble LiCl was removed from the reaction mixture by
filtration at -10 °C. The clear reaction solution was kept at -35 °C for several hours to give bright
yellow crystals. The supernatant was decanted and the product was dried in vacuo. The bright
yellow crystals darkened at room temperature after several hours to become yellowish brown
surfaced crystals, but no decomposition was observed according to the TH NMR spectrum; yield

206 mg (43%): 'H NMR (CgDg) 8 7.17 (t, 4, Hy), 7.10 (d, 4, Hy), 6.92 (t, 2, Hp), 3.64 (t, 4,
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OCHy), 3.33 (t, 4, NCH»), 1.21 (s, 9, TaMe); 13C NMR (CgDg) & 151.08 (Cipso), 129.68 (Cm),
124.60 (Cp), 124.42 (C,), 73.53 (OCHp), 62.19 (TaMe), 60.73 (NCH3). Anal. Calcd. for
C19Hy7N,OTa: C, 47.51; H, 5.67; N; 5.83. Found: C, 47.38; H, 5.58; N, 5.77.

[ArN20]TaMe3. A diethyl ether solution (10 mL) of H[ArN20] (1.591 g, 5.092
mmol) at -35 °C was added to a diethyl ether solution of TaMes at -35 °C which was prepared in
situ (as described above in £he preparation of [t-BuN2O]TaMe3) from a diethyl ether solution (40
mL) of TaMe3Cly (1.512 g, 5.092 mmol) and MeLi (7.3 mL, 1.4 M in diethyl ether, 10.183
mmol, 2 equiv.) at -35 °C. The reaction mixture was transferred to an air-free Teflon-sealed
reaction tube and kept in an isothermal bath at -5 °C for 41 h. The reaction mixture was filtered
through Celite to give yellowish green filtrate. The filtrate was concentrated in vacuo until emerald
crystalline solid appeared. The concentrated solution (~10 mL) was cooled to -35 °C for several
hours to complete the crystallization. The supernatant was decanted and the emerald crystals dried
in vacuo; yield 2.02 g (74%): 1H NMR (CgDs) & 7.01 (d, 4, Hm), 6.93 (t, 2, Hp), 3.32 (s, 8,
CH»), 2.31 (s, 12, Mey), 1.03 (br s, 9, TaMe); 'H NMR (toluene-dg) § 6.96 (d, 4, Hm), 6.87 (t,
2, Hp), 3.41 (t, 4, OCHy), 3.32 (t, 4, NCHp), 2.29 (s, 12, Me,), 0.92 (br s, 9, TaMe); 13C
NMR (toluene-dg) & 152.11 (Cipso), 134.83 (C), 129.47 (Co), 125.69 (Cp), 73.50 (OCHp),
67.89 (Me,), 58.84 (NCHp), 19.59 (TaMe). Anal. Calcd. for C23H35N20Ta: C, 51.49; H, 6.58;
N; 5.22. Found: C, 51.34; H, 6.46; N, 5.17.

[ArN20]TaMe3l. A diethyl ether solution (2 mL) of element iodine (45 mg, 0.177
mmol) at -35 °C was added to a diethyl ether solution (2 mL) of [ArN2O]TaMe3 (97 mg, 0.181
mmol) at -35 °C. The iodine purple color faded immediately and the solution turned cloudy at the
end of addition; at this moment yellow precipitate was observed from the reaction solution. The
reaction mixture was stirred at room temperature for 20 h. The solvent was removed in vacuo.
The solid residue was washed with pentane (5 mL) and dried in vacuo to give a yellow solid; yield
115 mg (98%): 'H NMR (CgDs) & 6.96-6.89 (m, 6, Aryl), 3.76 (s, 8, CHp), 2.54 (br s, 12,
Me,), 1.28 (br s, 6, TaMe); 'H NMR (CD2Clp) § 7.13-7.06 (m, 6, Aryl), 4.59 (t, 4, OCH2),
4.36 (t, 4, NCHp), 2.52 (s, 12, Me,), 0.83 (s, 6, TaMe); 13C NMR (CD2Cly) & 147.35 (Cipso)
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136.24 (Co), 129.66 (Cp), 127.17 (Cp), 74.34 (TaMe), 74.01 (OCHy), 60.67 (NCHy), 20.92
(Me,). Anal. Calcd. for CooH33IN2OTa: C, 40.76; H, 4.97; N; 4.32. Found: C, 40.66; H, 5.05;
N, 4.22.

[ArN,O]TaMe;Cl. An ethereal HCl solution (0.14 mL, 1 M in diethyl ether, 0.14
mmol) was added to a solution of [ArN,O]TaMe3 (78 mg, 0.145 mmol) in diethyl ether (4 mL) at
-35 °C. The solution turned cloudy and white precipitate was observed within 5 min. The reaction
mixture was stirred at room temperature for 20 h and concentrated in vacuo until the volume was
~1 mL and a large quantity of white precipitate was formed. The supernatant was decanted. The
off-white solid was washed with cold diethyl ether (~2 mL) and dried in vacuo; yield 41 mg
(51%): 'H NMR (CD,Cl3) & 7.04 (m, 6, Aryl), 4.63 (m, 2, OCHj), 4.44 (m, 2, OCHp), 4.24
(m, 2, NCHp), 4.02 (m, 2, NCH»), 2.53 (s, 6, Me,), 2.29 (s, 6, Me,), 0.82 (s, 3, TaMe), 0.50
(s, 3, TaMe); !H NMR (C¢Dg with 5 drops of CH2Clp) & 7.16 (m, 6, Aryl), 4.68 (m, 2, OCHp),
4.48 (m, 2, OCH3), 4.23 (m, 2, NCH3), 4.08 (m, 2, NCH3), 2.66 (s, 6, Me,), 2.40 (s, 6, Me,),
0.99 (s, 3, TaMe), 0.65 (s, 3, TaMe); 13C NMR (CD,Cly) § 146.97 (C, Aryl), 137.87 (C, Aryl),
135.04 (C, Aryl), 129.50 (C), 126.93 (Cp), 74.18 (TaMe), 73.46 (OCHy), 68.26 (TaMe),
60.09 (NCHy), 20.50 (Me,), 19.03 (Mey). Anal. Calcd. for C22H37CIN2OTa: C, 47.45; H,
5.79; N; 5.03. Found: C, 47.53; H, 5.68; N, 4.88.

Observation of {[PhN,O]TaMe2}{B(Cg¢F5)4}. A solution of [Ph3C][B(C¢F5)4]
(35 mg, 0.0375 mmol) in CgDsBr (0.4 mL) at -35 °C was added to a solution of [PhN,O]TaMe3s
(18 mg, 0.0375 mmol) in CgD5Br (0.3 mL) at -35 °C. The mixture was transferred to an NMR
tube and analyzed by !H NMR spectroscopy within 10 min. The 1H NMR spectrum showed
quantitative formation of the product and Ph3CMe: !H NMR (CgD5Br) § 7.29-7.03 (m, 25, Ph),
4.02 (t, 4, OCHy), 3.89 (t, 4, NCHy), 2.01 (s, 3, Ph3CMe), 0.81 (s, 6, TaMe).

{[PhN2O]TaMe;}{MeB(C¢F5)3}. A solution of B(CgF5)3 (111 mg, 0.216 mmol)
in CH,Cl, (1 mL) at -35 °C was added to a solution of [PhN,O]TaMe3 (104 mg, 0.216 mmol) in
CH5Cl, (1 mL) at -35 °C. The reaction solution was stirred at room temperature for 10 min. The

solvent was removed in vacuo to give a brown oil which solidified slow at -35 °C after several
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days; yield 209 mg (97%): 'H NMR (CgD¢) & 7.13 (t, 4, Hp), 7.00 (d, 4, Ho), 6.96 (t, 2, Hp),
3.64 (t, 4, OCHp), 3.40 (t, 4, NCHy), 1.28 (br s, 3, MeB), 0.62 (s, 6, TaMe); 19F NMR (CgDg)
§-133.32 (d, 6, Fo), -165.11 (t, 3, Fp), -167.84 (t, 6, Fp); 19F NMR (CD2Cly) § -133.38 (d, 6,
Fo), -164.18 (t, 3, Fp), -166.90 (t, 6, Fp). Anal. Caled. for C37H27BF5N20Ta: C, 44.78; H,
2.74; N; 2.82. Found: C, 44.86; H, 2.64; N, 2.90.

Observation of {[ArN2O]TaMes}{MeB(C¢F5)3}. A solution of B(CgFs)3 (15
mg, 0.0293 mmol) in CD>Cl, (0.4 mL) at -35 °C was added to a solution of [ArN2O]TaMe3 (16
mg, 0.0298 mmol) in CDCly (0.3 mL) at -35 °C. The yellowish emerald color faded immediately>
to give a colorless solution. The reaction solution was transferred to an NMR tube and analyzed
by !H NMR spectroscopy within 10 min. The 1H NMR spectrum showed quantitative formation
of {[ArN20]TaMe;}{MeB(CgFs)3}. 'H NMR (CD;Cly) § 7.30 (s, 6, Aryl), 4.66 (t, 4,
OCH2),4.49 (t, 4, NCHy), 2.37 (s, 12, Mey), 1.08 (s, 6, TaMe), 0.50 (br s, 3, MeB).

{[ArN20]TaMe2}{B(C¢F5)4}. A solution of [Ph3C]J[B(CgFs5)4] (180 mg, 0.196
mmol) in CH7Cl; (2 mL) at -35 °C was added to a solution of [ArN,O]TaMe3 (105 mg, 0.196
mmol) in CH2Cly (2 mL) at -35 °C. The reaction mixture was stirred at room temperature for 10
min; at this moment a reaction aliquot was analyzed by 1H NMR spectroscopy which showed
quantitative formation of product. Solvent was removed in vacuo. The greenish solid thus
obtained was washed with pentane (5 mL) and dried in vacuo; yield 210 mg (89%). Colorless
crystalline Ph3CMe (46 mg, 95%) was obtained from the pentane solution: 1H NMR (CD,Cly) &
7.31-7.11 (m, 6, Aryl), 4.66 (t, 4, OCH3),4.50 (t, 4, NCH»), 2.38 (s, 12, Mey), 1.10 (s, 6,
TaMe); 1H NMR (3 drops of CHCl3 in 0.7 mL CgDg) § 6.95 (m, 2, Aryl), 6.90 (m, 4, Aryl),
3.54 (s, 8, CH»),1.90 (s, 12, Mey), 0.56 (s, 6, TaMe); 19F NMR (3 drops of CHCly in 0.7 mL
CeDg) 8 -132.70 (d, 8, Fo), -163.03 (t, 4, Fp), -167.08 (t, 8, Fyy); 13C NMR (3 drops of CH2Cly
in 0.7 mL CgDg) 8 149.32 (Co, 1JcE = 242, C6Fs), 139.24 (Cpy, 1JcF = 240, CgFs), 137.33 (Cp,
1JcF = 240, CgFs), 140.34 (NCipso), 136.81 (Co, NAryl), 130.68 (Cry, NAryl), 129.45 (Cp,
NAryl), 78.93 (OCHy), 77.34 (NCHy), 59.53 (TaMe), 18.33 (Me,), B Cjpso not found.
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Observation of {[ArN,O]TaMez}{BF4}. A solution of [Ph3C][BF4] (12 mg,
0.035 mmol) in CD,Cl> (0.4 mL) at -35 °C was added to a solution of [ArN,O]TaMe3 (19 mg,
0.035 mmol) in CD3Cl; (0.3 mL) at -35 °C. The orange reaction mixture was transferred to an
NMR tube and kept at room temperature. The orange color faded within 5 min to become light
brown. A room temperature !H NMR spectrum was obtained 10 min after the reaction was
initiated. The !H NMR spectrum showed quantitative formation of {[ArN,O]TaMe;}{BF4} and
Ph3CMe: 1H NMR (CD;,Clyp) & 7.30-7.06 (m, 21, Aryl), 4.58 (m, 2, OCH3),4.46 (m, 2, OCHy),
4.33 (m, 2, NCHy), 4.14 (m, 2, NCHj), 2.40 (s, 6, Me,), 2.37 (s, 6, Me,), 2.18 (s, 6, TaMe),
0.79 (s, 3, Ph3CMe).

{[ArN,0O]TaMe,}{PFg}. A solution of [Ph3C][PF¢] (72 mg, 0.185 mmol) in
CH,Cl, (4 mL) at -35 °C was added to a solution of [ArN,O]TaMe3s (99 mg, 0.185 mmol) in
CH,Cl, (2 mL) at -35 °C. The reaction mixture was stirred at room temperature for 10 min; at this
moment an aliquot was analyzed by !H NMR spectroscopy which showed quantitative formation
of {[ArN2O]TaMes }{PFg}. The solvent was removed in vacuo and the solid residue was washed
with pentane (2 mL x 3) until it became colorless. The pentane-insoluble material was dried in
vacuo to give an off-white solid; yield 110 mg (89%). Ph3CMe (46 mg, 96%) was obtained as a
white solid from the pentane solution: !H NMR (CD,Cly) § 7.24 (br s, 6, Aryl), 4.74 (t, 4,
OCHj3),4.46 (t, 4, NCHy), 2.38 (s, 12, Me,), 0.99 (s, 6, TaMe); 19F NMR (CD;Cl3) § -73.30
(d, Jrp = 713.4); 13C NMR (CD2Cly) & 141.75 (Cipso), 137.45 (Co), 130.41 (Cpp), 129.10 (Cp),
78.88 (OCHy), 77.85 (NCHy), 60.22 (TaMe), 18.78 (Me,); 3P NMR (CD,Cl;) & -143.90
(septet, Jrp = 713.4). Anal. Calcd. for CypH32FgN2OPTa: C, 39.65; H, 4.84; N; 4.20. Found:
C, 39.78; H, 4.88; N, 4.11.
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E.2.3 [ArFN,NH]?- or [ArFN,N]3- ligand system.*
* H>[ArFN;NH]. Hexafluorobenzene (43.7 g, 234 mmol) was added to a mixture of
diethylenetriamine (7.34 g, 71.2 mmol) and K2CO3 (21.6 g, 156 mmol) in CH3CN (60 mL). The
mixture was heated to refluxing for 20 h under nitrogen. The reaction mixture was cooled to room
temperature and water (450 mL) was added. The organic components were extracted with CHCI3
(3 x 200 mL). The pale yellow extract was dried over MgSO4 and filtered. The solution was
concentrated in vacuo to give a yellow oil. The oil was loaded onto an alumina column (5 cm inner
diameter x 20 cm height) and eluted with diethyl ether. The first 400 mL of eluent was collected
and the diethyl ether was removed in vacuo. The thick yellow oil thus obtained was pure product
according to the LH NMR spectrum . The oil solidified overnight at -35 °C to give a waxy solid;
yield 13.01 g (42 %): IR (THF): NH(st) 3371 cm! (br); !H NMR (CDCl3) § 4.15 (s, 2,
AryINH), 3.41 (t, 4, CHy), 2.89 (t, 4, CHp), 1.07 (s, 1, CHNHCH3); 'H NMR (CgDg) & 3.84
(s, 2, AryINH), 2.87 (t, 4, CHy), 2.15 (t, 4, CHy), 0.01 (s, 1, CHoNHCH}); 19F NMR (CDCI3)
§-160.45 (d, 4, Fo), -165.21 (t, 4, Fy), -172.40 (t, 2, Fp); 13C NMR (Ce¢Dg) 8 138.96 (Co),
138.64 (C), 133.72 (Cp), 124.90 (Cipso), 48.79 (CH2), 45.87 (CHz). HRMS (EI, 70 eV): m/z
caled. for C16H11F10N3 435.079330, found 435.0788.
* [ArFN,NH]TaMes. A diethyl ether solution of TaMes was prepared in situ as follows:
MelLi (1.10 mL, 1.4 M in Et;0, 1.54 mmol, 2 equiv.) was added to a diethyl ether solution (6 mL)
of TaMe3Cl2 (229 mg, 0.771 mmol) at -35 °C. The formation of TaMes was judged by the
observation of LiCl precipitation from the diethyl ether solution. The temperature of TaMes
solution was carefully maintained below 0 °C to avoid rapid decomposition. (A dark solution with
black precipitates was typically observed if TaMes decomposed in diethyl ether.) To the TaMes
solution at -35 °C was added a diethyl ether solution (2 mL) of Hy[ArFN,NH] (336 mg, 0.771
mmol) at -35 °C. The reaction mixture was then stirred at room temperature for 10 min; at this

moment an aliquot was analyzed by !H and 19F NMR spectroscopy which indicated a quantitative

# The compounds denoted with * in this section have been published in print:
Schrock, R. R.; Lee, J.; Liang, L.-C.; Davis, W. M. Inorg. Chim. Acta 1998, 270, 353.
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formation of the product. The mixture was filtered through Celite to remove LiCl and the solvent
was evaporated to afford a pale yellow crystalline solid; yield 504 mg (99%): 1H NMR (C¢Dg) &
3.40 (m, 2, CHy), 3.04 (m, 2, CHp), 2.43 (br s, 1, NH), 2.15 (m, 4, CHy), 0.96 (s, 9, TaMe);
I9F NMR (C¢Dg) & -149.86 (d, 4, Fy), -162.15 (t, 2, Fp), -165.39 (t, 4, F); 13C NMR
(CD7Clp) & 144.41 (Co, lJcE = 244), 138.76 (Cm, lJcF = 253), 138.40 (Cp, lJcF = 244),
130.00 (Cipso), 69.30 (CHp), 60.29 (CHp), 49.20 (TaMe). Anal. Calcd. for C19HgN3FgTa: C,
34.61; H, 2.75; N; 6.37. Found: C, 34.56; H, 2.63; N, 6.38.
* [ArFN;N]TaMe;. Method A: A 100 mL air-free Teflon-sealed reaction vessel was
charged with a yellow solution of [ArFN,NH]TaMes3 (975 mg, 1.479 mmol) in toluene (15 mL).
The toluene solution was heated to 65 °C. The solution color gradually changed from yellow to
orange. After being heated for 9 h, the orange solution was evaporated to give an orange
crystalline solid; yield 886 mg (93%). Method B: MeLi (0.07 mL, 1.4 M in diethyl ether, 0.098
mmol, 1.15 equiv.) was added to a diethyl ether solution (3 mL) of [ArFN;NH]TaMe3 (56 mg,
0.085 mmol) at -30 °C. The solution was stirred at room temperature overnight (~12 h) and
Me3SiCl (0.1 mL, 0.788 mmol, 9.3 equiv.) was added at room temperature with stirring. The
reaction mixture turned cloudy within 10 min and LiCl precipitated. After being stirred for 4 h, the
reaction mixture was evaporated. The residue was extracted with pentane (5 mL) and the extract
was filtered through Celite. The orange filtrate was concentrated in vacuo until the volume was
~0.5 mL. The concentrated solution was cooled to -30 °C overnight to give an orange crystalline
solid; yield 41 mg (75%). A single crystal of [ArFN;N]TaMe) was grown from a mixture of
diethyl ether and toluene solution at -35 °C: 1H NMR (CgD¢) 6 3.99 (t, 4, CHp), 3.71 (t, 4, CHp),
0.63 (quintet, 6, TaMe, Jyr = 3.6); 19F NMR (toluene-dg) & -150.93 (d, 4, F,), -164.25 (t, 4,
Fm), -164.63 (t, 2, Fp); 13C NMR (CD2Cly) & 143.33 (Co, lJcF = 248), 139.17 (Cp, VcE =
254), 138.14 (Cp, lUcE = 255), 127.44 (Cipso), 63.75 (TaMe), 63.44 (CHp), 60.31 (CHp).
Anal. Calcd. for C1gH14N3FoTa: C, 33.61; H, 2.19; N; 6.53. Found: C, 33.31; H, 1.97; N,
6.43.
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[ArFN;NMe]TaMes. MeLi (0.25 mL, 1.4 M in diethyl ether, 0.35 mmol) was added
to a diethyl ether solution (10 mL) of [ArNoNH]TaMes3 (203 mg, 0.308 mmol) at -35 °C. The
reaction mixture was stirred at room temperature overnight. The reddish orange solution was
cooled to -35 °C and MeOTf (0.35 mL, 3.093 mmol, 10 equiv.) was added. After being stirred at
room temperature for 4 h, the reaction mixture was filtered through Celite. The orange filtrate was
concentrated in vacuo until the volume was ~1 mL. The concentrated solution was cooled to
-35 °C to give a yellow crystalline solid. The supernatant was decanted and the solid was dried in
vacuo; yield 130 mg (63%): 'H NMR (CgD¢) & 3.50 (m, 2, CHp), 3.03 (m, 2, CH3), 2.34 (m, 2,
CHj), 2.14 (s, 3, NMe), 1.99 (m, 2, CHp), 1.07 (s, 9, TaMe); 1H NMR (CD;Cl») § 4.19 (m, 2,
CH>), 3.82 (m, 2, CH»), 3.47 (m, 2, CHy), 3.15 (m, 2, CHj), 3.00 (s, 3, NMe), 0.67 (s, 9,
TaMe); 19F NMR (CgDg) & -149.25 (d, 4, Fo), -161.58 (t, 2, Fp,), -164.24 (t, 4, Fry). Anal.
Calcd. for CooHpoF10N3Ta: C, 35.68; H, 2.99; N; 6.24. Found: C, 35.78; H, 2.92; N, 6.17.

[ArFN,N]TaMeCl. Method A: A solution of ethereal HCI (3.5 mL, 1 M, 3.5 mmol,
0.96 equiv.) was added to a diethyl ether solution (35 mL) of [ArFN,NH]TaMe3 (2.397 g, 3.637
mmol) at room temperature. The reaction mixture was stirred for 20 h to afford an orange solution;
an aliquot was analyzed by !H and !19F NMR spectroscopy which showed the quantitative
formation of [ArFN,N]TaMeCl. The orange solution was filtered through Celite and the filtrate
was concentrated in vacuo to give an orange crystalline solid. The concentrated solution was
cooled to -35 °C for 2 h to facilitate crystallization. The orange crystalline solid was collected by
filtration and dried in vacuo; yield 1.977 g (85%). Method B: Neat Me3SiCl (0.5 mL, 3.94
mmol, 36.8 equiv.) was added to a diethyl ether solution (2 mL) of [ArFN;N]TaMe; (69 mg,
0.107 mmol) at -35 °C. The reaction mixture was stirred at room temperature for 3 days. The
solution was concentrated in vacuo until the volume was ~1 mL and the concentrated solution was
cooled to -35 °C to give an orange crystalline solid. The supernatant was decanted and the orange
solid was dried in vacuo; yield 57 mg (80%): 1H NMR (CgDg) § 3.89 (m, 4, CHp), 3.66 (m, 2,
CH»), 3.32 (m, 2, CHy), 1.23 (s, 3, TaMe); !9F NMR (CgD¢) §-146.86 (d, 4, Fo), -159.31 (t,
2, Fp), -164.95 (td, 4, Fp); 13C NMR (CD2Cly) 8 144.35 (Co, 1Jcp = 244), 139.85 (Cp, Uck=
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238), 138.77 (Cm, LJcF = 248), 127.06 (Cipso), 62.79 (CHp), 62.32 (CHy), 47.77 (TaMe).
Anal. Calcd. for C{7H11CIFoN3Ta: C, 30.77; H, 1.67; N; 6.33. Found: C, 30.56; H, 1.61; N,
6.22.

[ArFN;N]TaMel. Method A: A diethyl ether solution (2 mL) of element iodine (51
mg, 0.201 mmol) was added dropwise to a diethyl ether solution (4 mL) of [ArFN,;N]TaMe, (129
mg, 0.201 mmol) at -35 °C with stirring. Upon addition of iodine solution, the orange solution of
[ATFN;N]TaMe, turned red immediately. The reaction solution was stirred at room temperature
and monitored by 1H and 19F NMR spectroscopy which showed no [ArFN,N]TaMe; signals after
6 h. The solution was concentrated in vacuo until the volume was ~2 mL. The concentrated
solution was cooled to -35 °C to give a red crystalline solid (123 mg). Recrystallization from a
mixture of diethyl ether and toluene afforded analytically pure product; yield 102 mg (67%).
Method B: A diethyl ether solution (1 mL) of Me3Sil (48 mg, 0.240 mmol) at -35 °C was added
to a diethyl ether solution (6 mL) of [ArFN;N]TaMeCl (159 mg, 0.240 mmol) at -35 °C. The
reaction mixture was stirred at room temperature for 20 h. The solution was concentrated in vacuo
until the volume was ~2 mL. The concentrated solution was cooled to -35 °C to give a red
crystalline solid. The supernatant was decanted and the red solid was dried in vacuo; yield 110 mg
(61%): 'H NMR (CDCl5) § 4.68 (m, 2, CHy), 4.44 (m, 2, CHp), 4.33 (m, 2, CH>), 3.99 (m, 2,
CHjy), 0.95 (s, 3, TaMe); 1H NMR (C¢D¢) 6 3.85 (s, 6, CHp), 3.19 (m, 2, CHp), 1.05 (s, 3,
TaMe); 19F NMR (CD2Cl) § -147.66 (d, 4, Fo), -162.97 (t, 2, Fp), -164.91 (t, 4, Fy,); 19F NMR
(CeDe) 6-148.07 (d, 4, Fo), -161.84 (t, 2, Fp), -163.76 (t, 4, Fy). Anal. Caled. for
C17HN3FoTal: C, 27.04; H, 1.47; N; 5.56. Found: C, 27.35; H, 1.66; N, 5.38.

[ArFN;N]TaMeBn. PhCH;MgCl (0.45 mL, 1 M in diethyl ether, 0.45 mmol) was
added to a diethyl ether solution (5 mL) of [ArFN;N]TaMeCl (301 mg, 0.454 mmol) at -35 °C.
The reaction mixture was stirred at room temperature for 16 h. Insoluble materials were removed
by filtration through Celite. The reddish orange filtrate was concentrated in vacuo until the volume
was ~1 mL. The concentrated solution was cooled to -35 °C for 3 h to afford orange

microcrystals. The supernatant was decanted and the orange crystalline solid was washed with
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cold pentane (1 mL) and dried in vacuo; yield 158 mg (49 %): 1H NMR (CD>Cl,) § 7.16 (t, 2,
Hm), 6.69 (t, 1, Hp), 6.60 (d, 2, Hy), 4.44 (m, 4, CH2), 3.94 (m, 2, CHy), 3.40 (m, 2, CHy),
1.88 (quintet, 2, TaCH,Ph, JyF = 5.3), 0.15 (quintet, 3, TaMe, Jyr = 6.8); 19F NMR (C¢Ds) &
-157.6 (br s, 4, Fo), -163.8 (m, 4, F), -171.4 (t, 2, Fp); 13C NMR (CD2Cl) & 143.46 (C,,
lJcr = 259), 139.63 (Cm, lJcE = 256), 133.82 (Cp, lJcr = 248), 129.92, 127.95, 127.70,
127.41, 122.72, 79.93 (CH2Ph), 64.16 (CH3), 54.98 (CH3), 54.18 (TaMe).

* Observation of {[ArFN;NH]TaMez}{B(C¢Fs5)4}. Method A: A CD,ClI,
solution (0.4 mL) of [PhMesNH][B(CgF5)4] (24 mg, 0.0300 mmol) at 22 °C was added to a
CD;Cl; solution (0.3 mL) of [ArFN;N]TaMe; (19 mg, 0.0303 mmol) at -35 °C. The reaction
solution was stirred at room temperature briefly and transferred to an NMR tube. The !H and 19F
NMR spectra indicated a mixture of {[AfFN,NH]TaMe;}{B(CsFs)4} and free Me;NPh.
Method B: The procedures were identical to those in Method A except using [ArFN;NH]TaMe3
(20 mg, 0.0303 mmol) and [PhMe;NH][B(CgF5)4] (24 mg, 0.0300 mmol): 'H NMR (CD,Cl,) &
4.65 (td, 2, CHp), 4.50 (br s, 1, NH), 4.17 (dd, 2, CHy), 3.90 (dt, 2, CHj), 3.44 (m, 2, CHy),
1.30 (br s, 6, TaMe); 19F NMR (CD;Cly) & -134.51 (br s, 8), -143.63 (d, 4), -151.60 (t, 2),
-160.32 (1, 4), -164.81 (t, 4), -168.80 (t, 8). Resonances for Me,NPh were observed at 7.29 (t,
2, Ph), 6.85-6.81 (m, 3, Ph), and 2.99 (s, 6, NMe) in the 'H NMR spectrum.

* {[ArFN;NH]TaMe;}{MeB(C¢Fs5)3}(toluene). A colorless toluene solution (4
mL) of B(CgFs5)3 (154 mg, 0.301 mmol) was added to a toluene solution (2 mL) of
[ArFN,NH]TaMe3 (198 mg, 0.301 mmol) at -35 °C with stirring. The reaction mixture was
warmed to room temperature. Pale yellow solid precipitated from the solution within 20 min. The
supernatant was decanted and the solid was dried in vacuo; yield 335 mg (95%). Colorless single
crystals were obtained from a concentrated dichloromethane solution at -35 °C: 'H NMR (CD,Clp)
8 4.72 (td, 2, CHp), 4.19 (dd, 2, CHy), 4.01 (dt, 2, CHj), 3.49 (m, 2, CHy), 1.38 (s, 3, Me),
1.27 (s, 3, Me), 0.47 (s, 3, Me), the NH resonance was found as a shoulder on the resonance at
4.72 ppm, one equiv. of toluene was found according to integration and the resonance was not

reported; 19F NMR (CD;Clp) & -134.72 (d, 6), -143.38 (d, 4), -151.20 (t, 2), -160.06 (t, 4),
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-166.27 (t, 3), -169.04 (t, 6). Anal. Calcd. for C44H)¢N3F25BTa: C, 41.83; H, 2.07; N, 3.33.
Found: C, 41.51; H, 1.84; N, 3.18.
[ArFN,;N]TaMe(NMe;). Method A: LiNMe, (5 mg, 0.104 mmol) was added as a
solid to a pale yellow solution of {[ArFN,NH]TaMe; } {MeB(C¢Fs)3}(toluene) (131 mg, 0.104
mmol) in diethyl ether (3 mL) at -35 °C with stirring. A bright yellow solution was generated after
several minutes. After being stirred at room temperature for 2.5 h, the solvent was removed in
vacuo. The solid residue thus obtained was extracted with pentane. The extract was filtered
through Celite and yellow filtrate was concentrated in vacuo to give a yellow crystalline solid; yield
27 mg (39%). Method B: A solution of HNMej; (0.084 mL, 2.0 M in THF, 0.168 mmol) was
added to a diethyl ether solution (2 mL) of [AfFN;N]TaMe; (108 mg, 0.168 mmol) at -35 °C. The
solution was stirred at room temperature for 21 h; an aliquot was analyzed by !H and !F NMR
spectroscopy which showed quantitative formation of product. The solution was filtered through
Celite and the filtrate was concentrated in vacuo until the volume was ~1 mL. The concentrated
solution was cooled at -35 °C for 1 h to give yellow crystals; yield 74 mg (66%). Method C: The
conditions for this method are analogous to Method B except using [ArFN,NH]TaMej3 instead of
[ArFN,;N]TaMe; and reaction time being 45 h; yield 70%: 'H NMR (Cg¢Dg) 6 4.15 (m, 2, CHp),
3.79 (m, 2, CHp), 3.70 (m, 2, CHj), 3.48 (m, 2, CH3), 2.43 (br s, 3, NMe), 1.96 (br s, 3,
NMe), 1.20 (s, 3, TaMe); 19F NMR (CgDg) 5 -152.40 (d, 4, Fo), -166.24 (m, 6, containing Fp,
and Fp); 13C NMR (CgDe) 8 143.23 (Co, lUcF = 241), 138.16 (Cn, LUcE = 256), 137.04 (Cp,
1JcE = 252), 131.58 (Cjpso), 62.71 (CHp), 58.68 (CHp), 48.35 (TaMe), 37.43 (NMe). Anal.
Calcd. for Ci9H17N4F19Ta: C, 33.94; H, 2.55; N; 8.33. Found: C, 33.77; H, 2.25; N, 8.11.
[ArFN,;NH]TaMe(NPh). A diethyl ether solution (2 mL) of aniline (27 mg, 0.294
mmol) was added to a diethyl ether solution (5 mL) of [ArFN,;N]TaMe; (189 mg, 0.294 mmol) at
-35 °C with stirring. The reaction mixture was stirred at room temperature for 14 h. The solution
was filtered through Celite. The filtrate was concentrated in vacuo until the volume was ~1 mL and
the concentrated solution was cooled to -35 °C to give yellow crystals. The supernatant was

decanted and the crystals were dried in vacuo; yield 163 mg (77%): TH NMR (CgDg) 5 6.88 (t, 2,
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Aryl), 6,51 (m, 3, Aryl), 3.23 (m, 2, CH3), 3.10 (m, 2, CH3),2.18 (m, 4, CH»), 1.62 (br s, 1,
NH), 0.61 (s, 3, TaMe); 19F NMR (C¢Dg) 5 -151.64 (br s, 2, Fy), -152.90 (br s, 2, Fy), -165.09
(t, 2, Fp), -165.99 (br s, 4, Frp); 13C NMR (C¢Dg) 6 155.99 (Cjpso, Ph), 143.15 (br, C,, CeFs,
LJcE = 243), 138.25 (containing Cry and Cp of CgFs, LJcE = 262), 132.20 (Cipso, C6F's), 128.29
(Co, Ph), 126.03 (Cyy, Ph), 123.16 (Cp, Ph), 56.70 (CH2), 47.60 (CHy), 35.27 (TaMe). Anal.
Calcd. for Co3H17N4F0Ta: C, 38.35; H, 2.38; N; 7.78. Found: C, 38.07; H, 2.45; N, 7.60.
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Synthesis of Group 4 Complexes Containing Diamidoamine
Ligands and the Polymerization of 1-Hexene by Activated
Zirconium Dimethyl Complexes

INTRODUCTION

Several types of diamido/donor ligands and their group 4 complexes have been synthesized
in the last several years, often with the intent of preparing new olefin polymerization
catalysts.44’52’53’71’72’1")'1’123’139'140’163'166 Five coordinate group 4 complexes that contain the
diamido/ether ligands such as [t-BuNON]?2- and [ArN,0]2- (Ar = 2,6-CgH3Mej) are active
catalysts for polymerization of o-olefins when activated with [Ph3C][B(C¢F5)4] or
[HNMezPh][B(C6F5)4].52’7l’72 In the first case, the polymerization of 1-hexene was found to
take place primarily via 1,2-insertion of the olefin into the cationic monoalkyl zirconium complexes
in a living manner up to a 500mer at 0 °C.323 The diamido/donor ligands can adopt different
geometries. Trigonal bipyramidal structures including both fac and mer geometries have been
observed in the five-coordinate diamido/ether complexes, as well as the square pyramidal structure,
an approximately half-way intermediate between fac and mer.”1 72 An X-ray study of
[t-BuNON]ZrMe, shows it to have a fac structure, but NMR data suggest a relatively fast fluxional
exchange between the axial and equatorial methyl ligands,52 presumably due to the ability of the

oxygen donor to adopt a trigonal planar configuration. The success of [t-BuNON]ZrMe; in
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polymerization has been ascribed to the steric crowding of the t-butyl substituents on the

[t-BuNON]2- ligand as discussed in Chapter 1.

SPECIFIC GOALS

We were interested in preparing the diamido/donor ligands which cannot readily achieve the
planar geometry, thereby preventing the fluxional exchange process. One way to achieve this goal
is to utilize an amine or a phosphine as the donor. Also, since the thermal stability of the zirconium
catalysts containing [t-BuNON]?2- is not high,52 the development of more thermally stable catalysts
was also attempted. This chapter covers the synthesis of group 4 complexes containing the
mesitylated diamidoamine ligands, [(MesNCH;CH3),NR]2- ([MesN;NR]2-; Mes = 2,4,6-
CeHoMes; R = H, alkyl), and the polymerization of 1-hexene by activated zirconium dimethyl

complexes. The thermal stability of cationic propagating intermediates was also investigated.

RESULTS

3.1 Synthesis of Hy[MesN,NH].

The arylation of amines catalyzed by palladium is recently well-documented.” 167 We
have found that double arylation can be readily conducted between diethylenetriamine and mesityl
bromide to give Hp[MesN,NH] (equation 3.1) under a condition similar to those reported by
Buchwald and co-workers.’® The choice of mesityl bromide instead of 2,6-CgH3zMe,Br simply
reflects their cost from commercial suppliers. The coupling reaction was monitored by !H NMR
spectroscopy which showed no sign of the formation of monoarylated intermediate. The ortho and
para methyl resonances in the mesityl bromide were directly replaced by those in the double
arylated product. In general, the reaction is complete in hours to days depending on the

concentration, scale, and temperature. The yield of Hy[MesN,NH] is virtually quantitative and the
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reaction has been carried out without complications to give a 100 g of product. After standard
workup Hy[MesN,;NH] can be isolated as a red needle-like crystalline solid and used directly for
the subsequent organometallic reactions, or it can be recrystallized from hexane to give pale yellow
rocks. Synthesis of analogous o-tolyl-substituted diethylenetriamine using similar methods has
been reported recently,168 as has arylation of triethylenetatramine.5 8 Arylation of the central
nitrogen in Hy[MesN,NH] seems difficult, presumably for steric reasons. Attempts to phenylate
H;[MesNoNH] in the presence of a catalytic amount of various palladium and phosphine reagents
were not successful. It has been documented that palladium catalyzed C-N bond formation

between acyclic secondary aliphatic amines and aryl halides are more difficult.”’

Br cat. Pd,(dba);
(\ NH, cat. rac-BINAP (\ (3.1)
NH * 2 NaO-t-Bu, tol A |
a0-t-Bu, toluene
Q/ NH, 95-110 °C Q/

b
"

H,[MesN,NH]

3.2 Synthesis of [MesNoNH]ZrCl».

Zirconium complexes containing the [MesNyNH]2- ligand can be prepared from
Zr(NMej)4 as shown in equation 3.2. The dichloride [MesN>NH]ZrCl, was obtained in two steps
in ~60% overall yield. Both [MesNoNH]Zr(NMe;), and [MesN2NH]ZrCl, have mirror symmetry
according to !H and 13C NMR data. In [MesNoNH]Zr(NMe3);, the two dimethylamido groups
are inequivalent at room temperature on the NMR time scale, consistent with no rapid inversion of
configuration at the central nitrogen donor, presumably as a consequence of it being strongly

bonded to the metal. This observation is in contrast to the ready inversion at oxygen observed in
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H,[MesN,NH]
Zr(NMe,), > [MesN,NH]Zr(NMe,), 3.2)
- 2 HNMe,
2 Me;SiCl
> [MesN,NH]ZrCl,
- 2 Me;SiNMe,

[t-BuNON]2- complexes (presumably while the oxygen binds to the metal)5 2 and to the fluxional
process observed in [(Me3SiNCH,CH;),NSiMe3]2- complexes (presumably while the central
nitrogen dissociates from the me:tal).l"'o’163 The NH resonances in [MesN,NH]Zr(NMe;); and
[MesN,NH]ZrCl, are found as broadened singlets at 1.80 and 2.20 ppm, respectively. The
mesityl rings do not rotate rapidly about the N-Cjpso bonds on the NMR time scale in either
[MesNoNH]Zr(NMe,), or [MesNoNH]ZrClp. For example, three mesityl methyl groups are
observed in the 1H NMR spectrum of [MesN,NH]ZrCl; at 2.50, 2.40, and 2.13 ppm, along with
two meta mesityl aryl proton resonances at 6.88 and 6.83 ppm. Slow rotation of 2,6-disubstituted
aryl rings has also been observed in a pseudo-tetrahedral dialkyl complex that contains a chelating
arylated diamido ligand that lacks a central donor.'®” These data are consistent with either a fac or
a mer arrangement for the [MesNoNH]?2- ligand in a trigonal bipyramidal structure. However, a

dimeric [MesN>NH]ZrCl; containing two bridging chlorides in the solid state is also possible.

3.3 Alkylation of [MesNoNH]ZrCl,.

Treatment of [MesNoNH]ZrClp with two (or more) equivalents of MeMgl in diethyl ether
produces white crystalline [MesN2NH]ZrMe, in high yield (equation 3.3). After standard
workup, [MesN2NH]ZrMe; can be recrystallized by addition of pentane to a saturated diethyl ether
solution to give pure product according to IH NMR spectrum. The inequivalent ZrMe resonances
are found at 0.24 and 0.07 ppm in the !H NMR spectrum, and the NH proton resonance is found

Et,0,-30°C
[MesN,NH]ZrCl, + 2MeMgl - [MesN,NH]ZrMe, (3.3)
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at 1.16 ppm. The two methyl ligands do not exchange at temperatures between 20 and 80 °C in
toluene-dg (~15 mM), suggesting that the NH group is tightly bound to zirconium. However, the
mesityl rings begin to rotate at 60 °C to give one singlet resonance for ortho mesityl methyl groups
in the 'H NMR spectrum. [MesN,NH]ZrMe; is relatively stable in solution at room temperature,
although it slowly decomposes over a period of several days. When a colorless toluene-dg
solution (~15 mM) of [MesNoNH]ZrMe is heated to 80 °C in a sealed tube, the solution becomes
orange and a methane resonance is observed.

In contrast, the treatment of [MesNoNH]ZrCl, with two equivalents of NpMgCl affords
[MesNoNH]ZrNpCl instead of [MesN2NH]ZrNp, in moderate yield (equation 3.4). Alternatively,
[MesN,NH]ZrNpCl can be obtained in high yield by addition of one equivalent of NpMgCl to
[MesNoNH]ZrClp. This result along with the slow rotation of the mesityl rings about the N-Cjpso
bonds in all of the [MesNaNH]2- complexes in solution suggests that the introduction of two
neopentyl ligands is precluded due to steric reasons. A similar phenomenon is also found in the

[t-BuNON]2- system.’>

X [MesN,NH]ZrNp,
(3.4)
\

[MesN,NH]ZrNpCl

[MesN,NH]ZrCl, + 2 NpMgCl

3.4 Synthesis of zirconium dialkyl complexes involving deprotonation-alkylation sequence.

It is interesting to note that MeMgl does not deprotonate the central NH proton in
[MesN2NH]ZrX, (X = Cl, Me) in diethyl ether at room temperature, while MeLi does. Both
[MesNoNH]Zr(NMe;), and [MesNoNH]ZrMe; can be deprotonated cleanly by MeLi in diethyl
ether to give what we formulate as [MesN>NLi]Zr(NMe3)2(OEtp) and [MesN,NLi]ZrMe;(OEty),
respectively, according to their 'H NMR data. In contrast, addition of MeLi (1 to 3 equivalents) to

[MesNpNH]JZrCly results in a mixture, presumably due to the formation of
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[MesN,NLi]ZrCla(OEtp)y in which the NLi further reacts with ZrCl either intermolecularly or
intramolecularly.

Several alkyl groups can be attached to the central nitrogen. The reactions between
[MesN;NLi]Zr(NMe;)2(OEty) and alkyl halides such as Mel, PhCH,Br, and CgF5CH,Br produce
exclusively the corresponding bis(dimethylamide) complexes [MesN2NR]Zr(NMes), (R = Me,
Bn, BnF). These compounds can be readily converted to the corresponding dihalide complexes
(equation 3.5). These deprotonation-alkylation-halogenation reactions can be performed in one pot

starting from [MesNoNH]Zr(NMe>);, and the dihalide complexes can be isolated in high overall

1. MeLi
[MesN,NH]Zr(NMe,), X [MesN,NR]Zr(NMe,), (3.5)
RX = Mel :
2 Me;SiCl
PhCH,Br o [MesN,NRIZiX,
Ce¢FsCH,Br or excess Mel
R =Me X=1
CH,Ph Cl
CH,C¢Fs Cl

yields. A diiodo complex [MesN,NMe]Zrl; is prepared by addition of excess Mel to
[MesN,NLi]Zr(NMe;)2(OEtp). The ligand transformation from Zr(NMey) to Zr1l is relatively
slow. The slow conversion of NMej to I is also reported by Cummins and co-workers. 170
Dialkyl complexes can then be synthesized from these dihalide complexes. For instance, addition
of two equivalents of MeMgI to [MesNoNMe]Zrl, produces [MesNoNMe]ZrMe; in high yield.
Alternatively, the deprotonation-alkylation sequence can also be used to synthesize dimethyl
[MesN,;NR]ZrMe; (R = Me, Bn, BnF). These complexes are isolated from the reactions between
MeLi and [MesN,NH]ZrMe; followed by addition of the corresponding alkyl halides as shown in

equation 3.6.

125



Chapter 3

1. MeLi

2.RX
[MesN,NH]ZrMe, > [MesN,NR]ZrMe, (3.6)

RX = Mel, PhCH,Br, C¢FsCH,Br

The !H and 13C NMR data for [MesN;NR]ZrMe; (R = Me, Bn, BnF) are similar to those
of their protio analogue, i.e., inequivalent ZrMe signals, mirror symmetry, and slow rotation of
mesityl rings about the N-Cjpso bonds. For instance, the 1H NMR spectra of [MesN,NMe]ZrMe,
(0.015 M, toluene-dg) between 25 to 80 °C exhibit two singlet resonances for the ortho mesityl
methyl groups and two singlet resonances for the meta aromatic protons. The methyl ligands
in [MesNoNMelZrMe, do not exchange readily on the NMR time scale, even at 80 °C,
suggesting the coordination of amino nitrogen to zirconium is strong. The benzylic protons of
[MesNo,NBn]ZrMe, are observed as a singlet resonance at 3.96 ppm, and those of
[MesN,NBnF]ZrMe; are observed at 3.85 ppm. The !19F NMR spectrum of [MesN,NBnF]ZrMe;
shows three resonances at room temperature in CgDg, suggesting free rotation of the CgFs ring on
the NMR time scale. From these data a fac or a mer structure for these diamidoamine ligands can

not be determined.

3.5 Comparison of the thermal stability of dimethyl [MesN,;NR]ZrMe; (R = H, Me, Bn, BnF).
These dimethyl complexes exhibit different thermal stability. For instance, a solution of
[MesN,NMe]ZrMe, (0.015 M) and [MesNaNBnF]ZrMe; (0.015 M) in CgDg showed no
detectable decomposition at room temperature for several days according to their \H NMR spectra.
However, [MesNoNH]ZrMe; (0.015 M in CgDg) and [MesN2NBn]ZrMe; (0.015 M in CgDg)
decompose over a period of 3 days at room temperature. The decomposition of
[MesN,NH]ZrMe; and [MesNoNBn]ZrMe; seems to be accelerated by coordinating solvents such
as diethyl ether and THF. The decomposition products of [MesNoNH]ZrMe; and
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[MesN;NBn]ZrMe; have not been identified so far. Apparently [MesN,NBn]ZrMej is less stable
than its pentafluorinated analogue [MesNoNBnF]ZrMe;. We suspect that the stability of
[MesN;NBn]ZrMe; is decreased due to partial coordination of the phenyl moiety to the metal
center. The 19F NMR spectrum of [MesN;NBnF]ZrMe, suggests that the CgFs ring rotates
readily at room temperature on the NMR time scale. It is likely that the electron-withdrawing
ability of CgF5 and the greater C-F bond strength (as compared to C-H bonds)g2 increase the
thermal stability of [MesNoNBnF]ZrMe;.

In addition to the thermal instability, [MesNoNBn]ZrMe; exhibits quite unusual solubility
as compared to the other three zirconium dimethyl complexes reported here. The dimethyl
complexes [MesNoNR]ZrMe; (R = H, Me, BnF) are readily soluble in benzene and toluene, while
the poor solubility of [MesN2NBn]ZrMe; in toluene leads to only ~10% isolated yield. A better

workup solvent for [MesNoNBn]ZrMe; is dichloromethane.

3.6 Synthesis of zirconium dialkyl complexes involving triflate intermediates.
Triflate complexes that contain [MesN2NMe]2- can also be isolated by the deprotonation-

alkylation methodology. As shown in Scheme 3.1, depending on the stoichiometric amount of

[MesN,NH]Zr(NMe,),
@) (i) (iii)
[MesN,NMe]Zr(OTf), [MesN,NMe]ZrMe(OTf) __(1_\11__» [MesN,NMe]ZrMe,

Scheme 3.1. Synthesis of [MesNoNMe]ZrMe; via triflate intermediates. Conditions: (i) MeLi,
-30 to 25 °C, 2 h; 3 equiv. MeOTf, -30 to 25 °C, 15 min. (ii) 2 equiv. MeLi, -30 to 25 °C,2 h; 3
equiv. MeOTT, -30 to 25 °C, 15 min. (iii) 3 equiv. MeLi, -30 to 25 °C, 2 h; 3 equiv. MeOTf{, -30
to 25 °C, 15 min. (iv) MeLi, -30to 25 °C, 1 h.
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MeLi employed, [MesNaNMe]Zr(OTf);, [MesN2NMe]ZrMe(OTf), and [MesN,NMe]ZrMe; can
be independently isolated. For instance, addition of two equivalents of MeLi to
[MesNoNH]Zr(NMe;); followed by addition of three equivalents of MeOTf produces
[MesNoNMe]ZrMe(OTf) as a pale yellow crystalline solid in ~60% yield. The reactions
presumably proceed via the [MesNoNMe]Zr(OTf); intermediate, in which the OTf ligands can be
replaced with the remaining second and/or third equivalent of MeLi in reaction solution. Since the
reactions are all performed in one pot, it is likely that MeOTf does not react with MeLi for kinetic
reasons. It is surprising that MeOTf shows such selective reactivity as it is an extremely powerful
methylation reagent.171 Alternatively, the dimethyl [MesNoNMe]ZrMe; may be obtained by
addition of MeLi to [MesNoNMe]ZrMe(OTf). The conversion of Zr(NMej) to Zr(OTY) is

analogous to that of Zr(NMe») to Zrl, but the latter is much slower.

3.7 X-ray structures of [MesNoNH]ZrMe, and [MesNoNMe]ZrMe;.

The complexes [MesNoNH]ZrMej and [MesNoNMe]ZrMej have been structurally
characterized by X-ray crystallography. A single crystal of [MesN2INH]ZrMe; was grown from a
saturated solution of diethyl ether, toluene, and hexamethyldisiloxane at -30 °C, and that of
[MesN,NMe]ZrMe; was grown from diethyl ether and pentane. The ORTEP diagrams and
selected bond lengths, bond angles, and dihedral angles are given in Figures 3.1 and 3.2. The
structures of [MesNoNH]ZrMe; and [MesN;NMelZrMe; are similar. Table 3.1 summaries the
core bond lengths and angles of these complexes for comparison. The Zr-Nypine bond distance in
[MesN,NMe]ZrMe; (2.373(5) A) is ~0.02 A shorter than that in [MesNoNH]ZrMe; (2.392(7) A).
The dihedral angle of Zr(1)/C(3)-N(3)-C(1) in [MesNoNH]ZrMe; is 131.4° and the corresponding
angle in [MesNoNMe]}ZrMe; is 124.2°. The ~7.2° difference of the dihedral angles apparently
reflects the steric difference between Me and H in [MesNyNMe]ZrMe; and [MesN,NH]ZrMe,,

respectively. These dihedral angles should be compared to the corresponding angles in the
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Bond Lengths Bond Angles
Zr(1)-N(1) 2.097(6) C(5)-Zr(1)-C(6) 102.3(3)
Zr(1)-N(2) 2.097(6) N(1)-Zr(1)-N(2) 140.0(3)
Zr(1)-N(3) 2.392(7) Zr(1)-N(1)-C(11) 121.8(5)
Zr(1)-C(5) 2.249(9) Z1(1)-N(2)-C(21) 120.4(5)
Zr(1)-C(6) 2.260(9) C(1)-N(3)-C(3) 116.5(7)
Dihedral Angles2

N(2)/N(3)-Zx(1)-N(1) 174.0 C(5)/N(3)-Zr(1)-C(6) 179.6
Zr(1)-N(1)-C(11)-C(12) 91.5 Zr(1)-N(2)-C(21)-C(26) 88.2
Z1(1)/C(3)-N(3)-C(1) 1314

Figure 3.1. An ORTEP drawing (35% probability level) of the structure of [MesN2NH]ZrMey,
with selected bond lengths (A), bond angles (deg), and dihedral angles (deg). 2 Obtained from a
Chem 3D model.
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Bond Lengths
Zr(1)-N(1) 2.095(4)
Zr(1)-N(1A) 2.095(4)
Zr(1)-N(2) 2.373(5)
Zr(1)-C(1) 2.240(7)
Zr(1)-C(2) 2.265(7)

Bond Angles

C(1)-Zr(1)-C(2)
N(1)-Zr(1)-N(1A)
Zr(1)-N(1)-C(11)
C(3)-N(2)-C4)
C(3)-N(2)-C(4A)
C(4)-N(2)-C(4A)

Dihedral Angles?

N(1)/N(2)-Zr(1)-N(1A) 177.7
Zr(1)-N(1)-C(11)-C(16) 89.9
Zr(1)/C(4)-N(2)-C(4A) 124.2

C(Q2)/N(2)-Zx(1)-C(1)
C(3)-N(2)-Zr(1)-N(1)

103.2(3)
140.5(2)
118.8(3)
109.3(4)
109.3(4)
112.2(6)

180.0
91.2

Figure 3.2. An ORTEP drawing (35% probability level) of the structure of

[MesNoNMe]ZrMe,, with selected bond lengths (A), bond angles (deg), and dihedral angles

(deg). 2 Obtained from a Chem 3D model.
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Table 3.1. A comparison of some bond lengths (A) and angles (deg) in the five-coordinate

diamido/Ngonor complexes with a mer geometry.

MNeq  M-Ny  NppMNy M-Cq  Cq-M-Cy

[MesNsNH]ZrMep 2.392(7) 2.097(6) 140.0(3) 2.249(9) 102.3(3)
2.097(6) 2.260(9)

[MesNa2NMelZrMe» 2.373(5) 2.095(4) 140.5(2) 2.240(7) 103.2(3)
2.095(4) 2.265(7)

[2,6-(AryINCH3),CsH3N]ZrMej?2 2.325(4) 2.101(4) 139.6(2) 2.243(6) 102.4(3)

2.104(5) 2.248(7)
{[ArFN,NH]TaMes }+b 2.280(15) 1.981(12) 142.6(5) 2.09(2)  102.0(6)
1.965(13) 2.11(2)

a Aryl = 2,6-EtoCgHj3; see reference 123. b Anion = {MeB(CgFs)3}"; see Chapter 2.

triamidoamine complexes such as [(CeFsNCHyCH2)3N]MoCl (average 120°),62 which contain an
amino donor with sp3 configuration. Both [MesN,NH]ZrMe,; and [MesNoNMe]ZrMe; occupy a
distorted trigonal bipyramidal structure in which the [MesN,NR12- (R = H, Me) ligands adopt a
mer geometry rather than a fac. The equatorial plane can be well-defined by Co/Namine-Zr-Cq
with little distortion (dihedral angle of 0.4° in [MesNoNH]ZrMe; and 0° in [MesNoNMe]ZrMe3).
The two amido nitrogen atoms in [MesN;NH]ZrMe, and [MesN,NMe]ZrMe; occupy two axial
positions with Namide/Namine-ZI-Namide dihedral angles of 6.0° and 2.3°, respectively. Similar
dihedral angles are observed for [ArN,0]2- systems, e.g., 0° for both axial and equatorial planes of
[AerZO]ZrMez.”’72 The two amido nitrogens in [MesNoNMe]ZrMe; are bent only slightly away
from the side of the molecule that contains C(3) (Figure 3.2), as judged by the C(3)-N(2)-Zr-N(1)
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dihedral angle of 91.2°. The donor amine nitrogen in [MesNoNMe]ZrMe, nevertheless is
virtually tetrahedral with C-N-C angles of 109°, 109°, and 112°. The Zr-Naymine bond
length, Zr-Namide bond lengths, Zr-Cy bond lengths, and Cqy-Zr-Cq, N-Zr-N, and
Zr-N-Cq angles are all typical of diamido/Ngonor complexes having a mer geometry, e.g.,
[2,6-(2,6-Et2C6H3NCH2)2C5H3N]ZrMe2.123 It is also interesting to compare the structure of
[MesNoNH]ZrMe, with that of its isoelectronic cationic relative {[ArFN,NH]TaMe,}+ (see

Chapter 2). The corresponding distances and angles are listed in Table 3.1 for comparison.

3.8 Direct synthesis of group 4 dialkyl complexes containing [MesN;NR]2- (R = H, alkyl).

The apparent stability and ease of formation of [MesN,NH]ZrMe; led us to attempt to form
it directly from ZrCly, H2[MesN;NH], and MeMgl. Addition of ZrCly to Hy[MesN;NH] in
diethyl ether results in the formation of a precipitate in which we assume the ligand has been at
least partially attached to the metal to form an adduct complex. The adduct can also be prepared
from a toluene suspension of ZrCls and Hy[MesN,NH] at 80 °C, a condition in which the
complexation seems more complete. The adduct may be used in situ or isolated as an off-white
solid which can be stored under nitrogen. The solubility of the adduct in regular solvents is so
poor that the characterization by solution NMR spectroscopy is prohibited. Nevertheless addition
of four equivalents of MeMgl to {H2[MesN,NH] }ZrCly in diethyl ether followed by standard

workup yields [MesNoNH]ZrMe; in ~40% yield (equation 3.7). A similar "direct" approach in

MCl, 4 MeMgl
{H,[MesN,NH]}MCl, —[MesN,NH]MMe, (3.7)

Hz[MeSN2NH]

adduct M =Ti, Zr, Hf

diethyl ether also gives red [MesNoNH]TiMe; in ~35% yield and white [MesNoNH]HfMe> in
~35% yield. NMR data for the Ti and Hf species are similar to those for [MesNoNH]ZrMe,. If

the reaction is performed in toluene, [MesNaNH]ZrMe, can be synthesized in 86% yield on a 60 g
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scale.!”? The direct synthetic approach to the dimethyl complexes is an attractive method in that
potential polymerization initiators can be prepared quickly in one step from free ligand and metal
tetrachlorides. Similar methodology is also applicable to the group S chemistry as described in
Chapter 2. Sequential deprotonation-alkylation reactions then give yellow [MesN2NMe]TiMe; and

white [MesNoNMe]ZrMe; (equation 3.8).

1. MeLi
[MesN,NH]MMe, > el > [MesN,NMe]MMe, 3.8)
. Me

M=Ti, Zr

Perhaps the most convenient way to synthesize dialkyl complexes containing [MesN,NR]?-
in which R is not H is the one-pot method involving the removal of the three NH protons in
{Ho[MesNoNH]}MCly4 at once. Addition of five equivalents of MeLi followed by one equivalent
of Mel to {H[MesN,NH]}ZrCly in diethyl ether produces [MesNoNMe]ZrMes in 95% yield on a
8¢g scale.!7? Analogous yellow dibenzyl [MesNoNMe]ZrBnj can also be synthesized in a similar
manner with five equivalents of PhCHK (equation 3.9). The !H and 13C NMR data of
[MesN;NMe]ZrBn; are similar to those of [MesN2NMe]ZrMe;. Two inequivalent benzylic
resonances are observed, in contrast to that for [(Me3SiNCHCH>);NSiMe3]ZrBn; in which the

two benzyl groups undergo fluxional exchange at 25 °C via a dissociation of the amine nitrogen

followed by inversion at the nitrogen and recoordination. 140
1.5RM
{H,[MesN,NH]}ZrCl, > Mol > [MesN,NMe]ZrR, 3.9

RM = MeLi, PhCH,K R =Me, Bn

133



Chapter 3
3.9 Polymerization of 1-hexene by activated [MesNoNR]ZrMe; (R = H, Me, CHpPh, CH,CgFs).
Preliminary information obtained from NMR experiments.

NMR experiments indicate that the titanium complex [MesN,NH]TiMe; is not an active
catalyst precursor for the polymerization of 1-hexene presumably due to the instability of the
cationic intermediate, while activated zirconium dimethyl complexes [MesNoNR]ZrMe; (R = H,
Me, Bn, BnF) are all capable of polymerizing 1-hexene under similar conditions. When treated
with [Ph3C][B(CgF5)4] (0.016 M in CgD5Br), all [MesN2NR]ZrMes solutions (0.015 M in
CeDsBr) turned yellow except [MesNoNBn]ZrMey which became red. Subsequent addition of
1-hexene (50 equivalents) to these yellow or red solutions resulted in the complete formation of
poly(1-hexene) within several minutes according to !H NMR spectroscopy. No olefinic signal
was observed in these polymer containing solutions, suggesting no significant  elimination,
which is in contrast to those observed in [RNON]?- systems (R = Cy, Mes; see Chapter 1). The
polymerization rate is highly dependent on the cocatalysts which follow the reactivity order of
[Ph3C][B(CgFs5)4] > [HNMesPh][B(CgFs5)4] >> B(CgF5)3. For instance, in the case of
[MesN,NMe]ZrMe; (0.015 M in toluene) the polymerization of 1-hexene (50 equivalents) with
[Ph3C][B(CgFs5)4]) is fast (100% conversion, < 10 minutes), while those with
[HNMe,Ph][B(CgF5)4] (100% conversion, ~17 hours) and B(C¢F5)3 (< 50% conversion, > 4
days) are much slower. The catalyst activity seems very sensitive to coordinating solvents.
Addition of diethyl ether (2 drops) to the trityl activated [MesN,NMe]ZrMes (0.015 M in C¢DsBr)
does not give significant catalytic polymerization of 1-hexene (50 equivalents, < 5% conversion,

~17 hours) under the similar conditions.

3.10 Bulk polymerization of 1-hexene by trityl activated [MesNoNR]ZrMe; (R = H, Me).

Table 3.2 shows the data of poly(l-hexene) prepared with trityl activated
[MesNoNR]ZrMe; (R = H, Me) catalysts. The choice of [Ph3C][B(CgFs)4] is based on its rapid
catalytic activity compared with [HNMe,Ph][B(CgFs5)4] and B(CgF5)3. Addition of
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Table 3.2. Characterization of the poly(1-hexene) prepared with [MesN2NR]ZrMe; initiators.2

# R equiv 10-3M;, (caled.)  10-3M,, (found) 10-3My, Mw/Mp
1 H 134 11.3 12.5b 16.2b 1.3
2 H 313 26.3 17.0¢ 20.9¢ 1.2
3 H 313 26.3 17.2b 22.5b 1.3
4 H 626 52.7 12.7¢ 17.2¢ 1.4
5 H 626 52.7 153 b 19.4b 1.2
6 Me 139 11.7 239D 30.7b 1.3
7 Me 139 11.7 23.7 26.2 1.1
8 Me 139 11.7 16.7 b 19.2b 1.1
od Me 278 23.4 32.1 40.0 1.2
10 Me 325 27.4 28.7b 39.6b 1.4
11d Me 325 27.4 25.8¢ 39.8¢ 1.5
12d Me 325 27.4 27.3¢ 40.6¢ 1.5
13 Me 649 54.6 29.1b 45.0b 1.5
14 Me 649 54.6 249b 36.3b 1.5

2 The catalysts were prepared as described in the text. Reaction temperature was controlled at 0 °C
in an isothermal bath except runs 9, 11, 12. Quantitative yields were obtained in each experiment.
b Average of three determinations with GPC. ¢ Average of two determinations with GPC.

d Reaction run at 20 °C without temperature control.

[Ph3C][B(CgF5)4] to [MesNoNH]ZrMe; or [MesNoNMelZrMes in chlorobenzene at 0 °C led to
the formation of a yellow solution. A stoichiometric amount of 1-hexene was added to these

solutions. The reactions were performed at 0 °C except runs 9,11,12, in which the polymerization
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was initiated at 20 °C and temperature increased in seconds to ~30 °C. The exotherm then recessed
slowly over a period of several minutes. In each case, the still yellow reaction solution was
quenched in 1 hour with ethereal HCI and the poly(1-hexene) isolated and analyzed by GPC.
Poly(1-hexene) was obtained as extremely viscous gel in quantitative yield in all reactions.
Molecular weight distribution (My/My) is found in the range of ~1.1-1.5, which is lower than that
of polyolefins produced from well-defined "single-site" catalysts such as activated metallocenes
(typical My/My, = 2—2.5).33 The number average molecular weight of the poly(1-hexene) obtained
was usually lower than the molecular weight of a polymer containing the stated number of
equivalents of monomer, consistent with some chain transfer, presumably via B elimination. For
[MesN,NH]ZrMe, as the initiator the molecular weight appears to maximize at ~17000, consistent
with one P elimination every ~200 insertions on the average (runs 1-5), while for
[MesNoNMe]ZrMe, as the initiator the molecular weight appears to maximize at ~28000,
consistent with one 8 elimination every ~330 insertions on the average (runs 6-14). Therefore,
[MesN>NMe]ZrMe; outperforms [MesN>NH]ZrMe; as an initiator in terms of having a lower rate
of B elimination relative to propagation. The initiation temperature of the polymerization (0 °C
versus 20 °C) and the inherent exotherm generated in runs 9, 11,12 appear to have little influence
on the polymerization results (run 10 versus 11 and 12). It is interesting to note that the number
average molecular weight of the obtained poly(1-hexene) in run 9 is about twice as much as that

obtained in run 8 although these two experiments were performed at different temperatures.

3.11 Thermal stability investigation of the propagating species.

We were interested in understanding the thermal stability of the propagating intermediate in
the catalytic cycles. Several controlled polymerization experiments were performed. Table 3.3
summarizes the data of poly(l-hexene) prepared with [Ph3C][B(CgF5)4] activated

[MesNoNMelZrMe, under controlled conditions involving different reaction times and
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Table 3.3. Poly(1-hexene) prepared with trityl-activated [MesNoNMe]ZrMe; 2 under controlled conditions.

# equivd  T/°C(time/min)  GPC observation® 10-3M,, (caled.) 10-3M,, (found) 10-3M, My/Mp Yield(%)

1 278 20(60) monomodal 23.4 32.1 40.0 1.2 100

2 19 20(30) monomodal 23.4 26.5 43.5 1.6 100
259 20(60)

3 46 20(30) monomodal 23.4 20.7d 38.2 1.8 100
232 20(60)

4 93 20(30) monomodal 23.4 15.3d 32.1 2.1 100
185 20(60)

5 139 20(30) trimodal 23.4 N/A N/A N/A 100
139 20(60)

6 139 20(90) bimodal 23.4 16.3 22.7 1.4 62
139 20(60)

7 139 20(60), 65(10)  bimodal 23.4 17.4 21.3 1.2 65
139 20(60)

8 139 20(10), 65(10)  trimodal 23.4 N/A N/A N/A 68
139 20(60)

9 139 20(10), 65(10)  bimodal 23.4 15.7 30.7 2.0 61
139 20(1500)

a [MesNyNMe]ZrMe; was activated with [Ph3C][B(CgFs)4] in chlorobenzene at 0 °C and the solution was warmed to 20 °C
before the first addition of 1-hexene. b 1-Hexene was added in one or two portions at 20 °C. ¢ For multi-modal signals, only

well-resolved peaks were analyzed and the highest molecular weight data were given. d Average of two determinations with

€ 421doy)
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temperatures. The total amount of monomer was arbitrarily controlled to be the same in all
experiments for comparison. Catalysts were prepared at O °C in chlorobenzene and warmed to
20 °C before the addition of monomer. Poly(1l-hexene) was isolated and analyzed by GPC as
described previously. 1-Hexene was added in two portions except in run 1 in which 1-hexene was
added in one shot. Multi-modal GPC signals (runs 5-8) suggest more than one active species.
Yields vary depending on the condition employed (runs 1-5: ~100%; runs 6-9: ~60%).

Addition of 19 equivalents of 1-hexene followed by a 30-minute pause at 20 °C (run 2 in
Table 3.3) affords a still yellow solution. A second portion of monomer (259 equivalents) was
added to this solution at 20 °C to result in an immediate exotherm; the temperature increased to
30 °C. The yield is quantitative, suggesting that after a pause, the zirconium species is still active
and can convert additional monomers to polymeric material. Monomodal signal was observed
from the GPC analysis. The number average molecular weight obtained is about the same as what
we would expect, but is smaller than that obtained from run 1. This is consistent with a higher
My/Mj, of the polymer obtained in run 2 than that obtained in run 1.

Interestingly, when the stoichiometric amount of 1-hexene employed in the first addition
gradually increases (runs 2-5), the molecular weight distribution increases and eventually
multi-modal signal can be observed (run 5). This result suggests that the thermal stability of the
cationic zirconium species is, at least in part, related to the chain lengths of the polymer attached to
the zirconium. Run 5 reveals that significant 3 elimination occurs during the 30-minute pause at
20 °C to give a trimodal GPC signal. This indicates that (at least) three active species are generated
during this pause. The quantitative yield obtained in run 5 suggests that each of the presumed 3
elimination products is relatively stable and can initiate a second chain to complete the conversion
of the monomer. This may also explain why the [MesN,NR]?- initiators give a polymer whose
molecular weight maximizes at a certain number (Table 3.2), although quantitative yields were
obtained. In agreement with this observation, the quantitative yield obtained in run 5 drops to
~60% when the pause is extended to 1.5 hours at 20 °C (run 6) or 10 minutes at 65 °C (runs 7-9).

Multi-modal GPC results were obtained in these experiments (runs 6-9). The molecular weight of
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the more abundant signal in runs 6, 7, 9 is approximately half as much as that obtained in run 1,
and the same as that obtained in Table 3.2 run 8, suggesting that the polymerization of first 139

equivalents of monomer is complete, but 3 elimination during the pause is significantly irreversible

to give species that are inactive for polymerization.

DISCUSSION

The arylation of primary amines has provided an important entry into the ligand design of
amido transition metal chemistry. The steric and electronic properties of the amido ligands can be
easily fine-tuned by changing the aromatic or aliphatic substituents. It has been documented that
sterically demanding amido ligands containing aryl alkyl substituents exhibit significantly important
reactivity in early transition metal chemistry.65 66 The tridentate diamidoamine ligands
[MesN,NR]?- were designed on this basis.

Group 4 diamidoamine complexes have been shown in the literature for some time,
primarily aiming at the development of new Ziegler-Natta polymerization catalysts, but no
significant result has been reported so far. Cloke and Horton independently reported the synthesis
of trimethylsilyl derived diamidoamine complexes [(Me3SiNCH,CH3)2NSiMe3;]MX,; (M = Ti, Zr;
X = halide or alkyl; Scheme 3.2). 139,140,163,164  Gade reported pyridine derived diamido
complexes containing trimethylsilyl groups on the amido n1'trogen.166’173 These complexes exhibit
a fac structure for the diamido/Ngonor ligands. The low polymerization activity is presumably due
to the instability of the N-Si bonds. McConville reported the synthesis of planar pyridine diamido

12L123 \hich contain potentially more stable N-aryl bonds, but the rigidity of the planar

complexes
pyridine backbone presumably cannot provide significant steric shielding for the metal center

against {3 elimination (see discussion below).
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.....

Cloke, Horton Gade McConville

Scheme 3.2. Representative literature examples of five coordinate group 4 complexes containing

the diamido/Ngonor ligands.

It has been documented that fac and mer structures are relatively close in energy in five
coordinate group 4 diamido/ether c:omplexes.72 In the solid state, the diamido/ether ligand adopts a
fac structure in [t-BuNON]MMe; (M = Ti, Zr) where the two methyl ligands occupy one axial and
one equatorial position in a trigonal bipyramidal geometry. In solution, however, the lH NMR
spectra reveal a fast interconversion between these two methyl ligands, presumably via a mer
intermediate structure for the diamido/ether ligand as shown in Scheme 335273 By reducing the

steric size of the amido substituent from t-Bu to i-Pr, only a mer structure is found for all

.N"~ _— L RTRLEN
= 5 - A
= -

fac mer fac

Scheme 3.3. The proposed fluxional process in [t-BuNON]MMe; (M = Ti, Zr); see references
52,73.
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[i-PINON]2- complexes according to X-ray structural studies.”> The mer structure of
[MesNoNR]ZrMej (R = H, Me) contrasts with the fac structures found for
[(Me3SiNCH,CH»),NSiMe3]ZrX; (X = halide or alkyl) complexes.l‘m’163 We propose that mer
structures for [(Me3SiNCH,CH»),NSiMe3]ZrX, complexes are disfavored as a consequence of
steric interaction between the amido SiMe3 groups and the X groups. Although a mer structure is
found for [MesN,NR]ZrMe; (R = H, Me), the steric interaction between the mesityl groups and
methyl ligands is presumably the minimum for a mer structure as evidenced by the hindered
rotation of the mesityl rings.

The central nitrogen donor in the [MesN2NR12- complexes seems to bind
tightly to all group 4 metals. The bond distance between the sp3-hybridized nitrogen
donor and the metal center in [MesNoNR]ZrMej; (R = H, Me) is ~0.3-0.4 A
shorter than those in [(Me3SiNCH,CH37),NSiMe3]TiMes (2.732(2) A)139 and
[(Me3SiNCH,CHa),NSiMe3]ZrCI[CH(SiMe3)2] (2.770(5) A).1®3 It should be noted that the
difference between M-Namine bond distances in these compounds should partially reflect the
inherent difference between a fac and a mer geometry; however, we believe that it is not
predominant in this case. It has been shown that the Zr-O bond distance in the mer
[i-PrNON]ZrMe, (2.309(2) A) is ~0.109 A shorter than that in the fac [t-BuNON]ZrMe;
(2.418(3) A).52’73 The 'H NMR spectra of [MesNo2NR]MMe, (M = Ti, Zr, Hf; R = H, Me, Bn,
BnF) and [(Me3SiNCH,CH;);NSiMe3]MMe; (M = Ti, Zr) also suggest different M-Namine bond
strength. For instance, [MesNoNMe]TiMe; displays two singlet resonances at 0.96 and 0.58 ppm
at room temperature for the two methyl ligands, while [(Me3SiNCH,CH3),NSiMe3]TiMep
exhibits only one resonance at 0.79 ppm, as a consequence of facile amino nitrogen dissociation
for the latter complex.139 The strong coordination of the sp3 nitrogen donor in the diamidoamine
[MesN,NR]2- complexes successfully prevent the facile fluxional exchange process that is
observed for the diamido/ether system shown in Scheme 3.3.

Although [MesN;NR]ZrMe; (R = H, Me) and [2,6-(AryINCH2),CsH3N}ZrtMe> (Aryl =

2.6-Et,CgH3) are all trigonal bipyramid with the diamidoamine or diamidopyridine ligand having a
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mer geometry, the central nitrogen donors in these complexes adopt different configurations. A
tetrahedral sp3 configuration is found for the donor nitrogen in [MesN,NR1ZrMes, while the
coordinated pyridine nitrogen in [2,6-(AryINCH3)2CsH3N]ZrtMe; (Aryl = 2,6-CcH3R2; R = Me,
Et, i-Pr)123 is planar sp2 hybridization. The bond distance between the donor nitrogen and
zirconium for [2,6-(AryINCH),CsH3N]ZrMe; (Aryl = 2,6-CcH3Et?) is ~0.052 A shorter than
that for [MesN,NMe]ZrMe,, presumably due to some (presumably poor) 7 interaction for the
former. Nevertheless, the !H NMR data of [MesNoNR]2- complexes (R = H, Me, Bn, BnF)
suggest that they are all sterically demanding ligands for five coordinate group 4 complexes as
evidenced by hindered rotation about the N-aryl bonds.

The steric pressure in the five coordinate [MesN,NR2- complexes should be released upon
activation to form the presumed four coordinate cationic species. The mer structure of
[MesN,NR]2- ligands in the dialkyl complexes presumably becomes a fac structure in the
pseudo-tetrahedral monoalky! cationic complexes as a consequence of minimizing the inter-ligand
steric interaction. It should be noted that a prerequisite for this structural transformation is that the
diamido/donor ligand backbone must not be rigid. Planar pyridine diamido complexes probably
cannot efficiently form the pseudo-tetrahedral cationic intermediate due to the rigid pyridine
fragment;lzl’123 therefore, the cationic metal center is not sterically well-shielded and some
decompositions such as { elimination may be easily accessible. We propose that the fac or mer
structure in the five coordinate dialkyl complexes is probably not the key to the development of
active polymerization catalysts which contain the diamido/donor ligands, but the propensity to form
the fac structure in the pseudo-tetrahedral cationic intermediate.

The bond strength of the donor atom coordination in the diamido/donor complexes is
presumably stronger for cationic species than for the neutral precursors. Bond distance contraction
(~0.162 ;\) is observed for the Zr-O bond when [t-BuNON]ZrMe, is activated to become
zwitterionic {[t-BuNON]ZrMe}{MeB(CgFs)3}.>%"3 It is likely that an analogous bond distance
contraction also takes place for the sp> nitrogen coordination in the [MesNoNR]?" system,

therefore increasing the tendency to form a pseudo-tetrahedral monoalkyl cationic complex.
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The polymerization activity in this study depends on the cocatalyst employed following the
reactivity order of [Ph3C][B(CeFs5)4] > [HNMePh][B(CgFs5)4] >> B(CeF5)3. The presence of
coordinating solvents such as diethyl ether dramatically decreases the polymerization activity. This
phenomenon is consistent with the coordination nature of anions or potentially available bases to
the cationic metal center. It has been shown that the cationic intermediates can be stabilized by an
external base and the polymerization activity largely relies on the lability of this base. Early work
by Jordan reveals that the cationic monomethyl zirconocene complex can be isolated as a THF
adduct, which can only lead to low polymerization activity presumably due to strong coordination
of the THF oxygen.”A"175 Partial alkyl abstraction activated by B(CgF5)3 has been reported in

52,118,157,158,176-179 i1 \which the zwitter-anionic

several cases to result in a zwitterionic structure
[RB(CgF5)3]- moiety may be labile and replaced by incoming olefins. If [HNMe;Ph][B(CeFs5)4]
is used as the cocatalyst, one of the coordination sites in the cation may be occupied by the
liberated NMe,Ph thus increasing the cation stability. Depending on the steric bulk of ligands in
the cation, the coordinated NMe;Ph may be labile.’? The solvent used for polymerization
reactions may also act as the coordinating base; however, the lability of the solvent molecules
usually lead to a less stable cation.”!

The polymerization results described here should be compared to those found for the
zirconium systems employing [t-BuNON]ZrMe; as an initiator, which yields poly(1-hexene) via
primarily a 1,2-insertion process with little B elimination during synthesis of up to a 500mer.>2">
The reason that this system is successful is in part as a consequence of the significant steric
crowding imposed by t-butyl substituents and the subsequent formation of relatively crowded
pseudo-tetrahedral monoalkyl cations. It should be noted that a 2,1-insertion process may also be
possible if the steric crowding of the cation is not significant. The 2,l-insertion product would
have a different reactivity (presumably lower) and a different stability (presumably also lower) than
a 1,2-insertion product, as has been proposed in propylene polymerization systems.87’96'99

Therefore we hypothesize that [MesNoNR]?- is not as significantly crowded as [t-BuN ON]?- and

that 2,1 "mistake" insertion occurs in the former system. We also hypothesize that
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{[MesN>NR]Zr(polymer) } * intermediates become more stable toward 3 elimination when R is a
methyl group, in part because of a lower percentage of sterically more difficult 2,1-insertions.
These results should also be compared with those from the systems employing
[ArN2O]ZrMe; and [ArN2S]ZrMes initiators,71’72 in which the ligands are all comprised of
essentially the same components as those in [MesN2NR]ZrMey,, i.e., ethylene backbone and
arylated amides. The major difference between these ligands is the central donor atom (O, S, N)
which may or may not contain a substituent. The para mesityl methyl groups in
[MesN>NR]ZrMe; are believed to have little influence on the polymerization. All of these systems
show the tendency for chain termination during polymerization to give a polymer whose molecular
weight seems to maximize at a certain number. These numbers are summarized in Table 3.4. The
difference between these polymerization data presumably arises from the inherent property of O, S,

and NR. Thus NR (R = H, Me) is superior to O and S as a donor as a consequence of having less

Table 3.4. Comparison of the poly(l-hexene) data obtained with [ArN,O]ZrMesj,
[ArN>S]ZrMes, and [MesNoNR]ZrMe; (R = H, Me) initiators.2

Initiator Geometry Donor 10-3M,,b My/Mp Yield(%)
[ArN>O]ZrMe,° mer (0] 11.7 1.6 100
[AIN2S]ZrMe,¢ fac S 16.0 1.2 86d
[MesNoNH]ZrMes mer NH 17.0 1.2 100
[MesN2NMelZrMey mer NMe 28.7 1.4 100

a Data were selected from the cited references with same condition: [Ph3C][B(CgF5)4], 0 °C, 1
hour, chlorobenzene. b M;, indicates the maximal value of number average molecular weight.
¢ See reference 72. 4 Quantitative yield may be obtained if the reaction time is 3 hours. Essentially

identical M and My/Mj, are listed in the cited reference.
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percentage of chain termination, presumably due to the propensity of sp3 nitrogen to assist the
formation of pseudo-tetrahedral cations. The substituent on the amino nitrogen seems to sterically
discourage mistake 2,1-insertions, even when the substituent is an H. In addition, the donor NR
is also better than S in terms of having higher catalytic activity to complete the polymerization.72
We presume that this is due to the higher electronegativity of N (3.0) as compared to S
(2.5),180’181 which would encourage the electrophilicity of the cation.

The stability of the active species in the diamido/donor systems is in contrast to that found
for the chelating diamido system which lacks the central donor. Titanium complexes containing a
propylene-linked diamido ligand can polymerize a-olefins in a living manner only in the presence
of enormously excess monomer. After the monomer is nearly depleted, an irreversible
decomposition terminates the polymc:rization.5 ! Zirconium complexes containing the diamido/ether
ligand comprise another living system for the olefin polymerization in which the active species is
stable (at 0 °C) in the absence of monomer.”23 It is obvious that the coordination of the central
donor atom in the diamido/donor ligands effectively increases the stability of the active species.
Therefore, the cation stability presumably can be fine-tuned by changing the nature of the donor.
Replacement of O by NMe as the donor seems to higher the thermal stability of the cation (up to
30 °C). Although some decompositions are found in the [MesN;NR]2- system (Table 3.2),
presumably due to the steric unsaturation of the ligand, controlled experiments (Table 3.3) reveal
that the presumed decomposition products are still active even in the absence of monomer and able
to initiate another polymer chain. This is also in contrast to that found for the propylene-linked

Sl we propose that the thermal stability of

diamido system which lacks a central donor atom.
cationic {[MesN2NR]Zr(polymer)}+ is elevated by its cationic nature which can be stabilized by an
ammonium resonance form shown in Scheme 3.4. It is also possible to form an oxonium

resonance for the diamido/ether system, but an oxonium is not as energetically favorable as an

ammonium.
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cationic zirconium cationic ammonium

Scheme 3.4. Proposed resonance contributors of the presumed cationic monoalkyl zirconium

complex containing the diamidoamine ligands.

We have reasoned that steric crowding provided by the donor substituent in the
diamido/donor ligands plays an important role on encouraging 1,2-insertion for chain propagation,
as shown in the [MesNoNMe]?- and [MesNoNH]2- systems. The diamidoamine ligand system
holds the promise to be sterically manipulated much easier than the diamido/ether system, in which
no substituent can be attached to the central donor atom. Direct synthesis of the dialkyl complexes
provides a fast means to screen the ligand system for catalytic polymerization purpose. The
deprotonation-alkylation of a coordinated NH allows for the synthesis of a new ligand on the
metal. This methodology is unique since the synthesis of the ligand itself may not be necessary.
Electronically, [MesNoNMe]?- is also different from [MesN,NH]2-, but we believe that the
electronic effect is not as significant as the steric effect in this case. Two benzyl derivatives are
designed for this purpose, but the nature of the electronic effect is not clear at this moment,
although preliminary results reveal that they are both active species for o-olefin polymerization. It
is also not clear that by which N-N-C face(s) the olefin approaches the metal center of the four
coordinate cation, €.g., Namide-Namide-C face versus two Namide-Namine-C faces. A low (perhaps
C1) symmetric diamidoamine ligand system may provide a better insight for this unsolved but

important question.
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CONCLUSIONS

Group 4 dialkyl complexes containing the diamidoamine ligands of the type [MesN,NR]2-
have been synthesized from several different approaches. Among them, the direct synthesis
provides an efficient way to make the catalyst precursors in virtually one step. Several alkyl
groups can be attached to the amino nitrogen by a deprotonation-alkylation sequence. The amino
nitrogen in [MesNoNR]MMe; (M = Ti, Zr, Hf; R = H, Me, Bn, BnF) is found to tightly bind to all
group 4 metals. Pseudo-tetrahedral geometry is found for the amino nitrogen. Consequently, no
fluxional exchange between the two methyl ligands can be observed for [MesN>NR]MMey.

Zirconium complexes of the type [MesNoNR]ZrMe; (R = H, Me, Bn, BnF) are all active
catalysts for the polymerization of 1-hexene when activated with boron derived Lewis acids. The
polymerization rate depends on the cocatalysts employed following the reactivity order of
B(C¢Fs)3 < [HNMe,Ph][B(CgFs5)4] < [Ph3C][B(CgF5)4]. No polymerization activity is observed
when an oxygen donor such as diethyl ether is bound to zirconium. In terms of having less
tendency towards  elimination, [MesN,NMe]ZrMey is superior to [MesN2NH]ZrMejp, which is
better than the analogous compounds with O or S donor. Although the living polymerization
activity for the diamidoamine system is currently not as high as that found for [t-BuNON]ZrMey,
the enhanced thermal stability provided by the pseudo-tetrahedral amino donor promises the
opportunity to design a catalyst with greater thermal stability and higher activity if the cation is

sterically more crowded than that in the [MesNoNMe]?- system.
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EXPERIMENTAL SECTION$

General Procedures. Unless otherwise specified, all experiments were performed
under nitrogen in a Vacuum Atmospheres glovebox (model HE-493) equipped with a
regeneration/circulation device (Dri-Train) or by using standard Schlenk techniques. Oxygen level
(< 2 ppm) were monitored with ZnEty (1 M solution in hexane, Aldrich), and water levels (< 2
ppm) were monitored with TiCls (neat, Strem). All solvents were reagent grade or better. Toluene
was distilled from sodium/benzophenone ketyl. Diethyl ether and tetrahydrofuran were sparged
with nitrogen and passed through two columns of activated alumina. Pentane was sparged with
nitrogen, then passed through one column of activated alumina, and then through another of
activated Q5. 100 pichloromethane and chlorobenzene (Aldrich HPLC Grade, 99.9%) was distilled
from CaH, under nitrogen. Molecular sieves and Celite were activated in vacuo (10-3 Torr) for 24
hours at 175 and 125 °C, respectively. All NMR solvents were sparged with nitrogen and dried
over activated 4 A molecular sieves for days prior to use. All dry solvents were degassed with
nitrogen before introduction into the glovebox, where they were stored over activated 4 A
molecular sieves.

Spectroscopic Analyses. The NMR spectra were recorded on Varian instruments (IH,
500.2 or 300.0 MHz; 19F, 470.6 or 282.1 MHz; 13C, 125.8 or 75.4 MHz). Chemical shifts (5)
are listed as parts per million downfield from tetramethylsilane and coupling constants (J) are in
hertz. 1H NMR spectra are referenced using the residual solvent peak at § 7.16 for CeDg, 8 7.27
for CDCla, § 7.29 for CgD5Br (the most upfield resonance), and § 2.09 for toluene-dg (the most
downfield resonance). 13C NMR spectra are referenced using the residual solvent peak at &
128.39 for CgDe, and & 137.86 for toluene-ds (the most downfield resonance). 19F NMR spectra
are externally referenced using a chloroform solution of CFCl3 at § 0. Rountine coupling constants

are not listed. All NMR spectra were recorded at room temperature unless otherwise noted. IR

$ The compounds denoted with * in this section have been published in print:
Liang, L.-C.; Schrock, R. R.; Davis, W. M.; McConville, D. H. J. Am. Chem. Soc. 1999, 121,
5797.
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spectra were recorded as films in specified solvents between NaCl plates on Perkin Elmer 1600
FTIR spectrometer. High resolution mass spectra were recorded on a Finnigan MAT 8200 Sector
Mass Spectrometer at the MIT Department of Chemistry Instrumentation Facility. Elemental
analyses were performed by H. Kolbe Mikroanalytisches Laboratorium, Miilheim an der Ruhr,
Germany.

Polymer analyses. Gel permeation chromatography (GPC) analyses were carried out
on a system equipped with two Jordi-Gel DVB Mixed Bed columns (250 mm length x 10 mm
inner diameter) in series. HPLC grade CH,Clp was continuously dried and distilled from CaHp.
Solvent was supplied at a flow rate of 1.0 mL/min with a Knauer 64 HPLC pump. A Wyatt
Technology mini Dawn light scattering detector coupled to a Knauer differential-refractometer was
employed. Solutions of samples dissolved in CH2Cl; were filtered through a Millex-SR 0.5 pm
filter. All GPC data were analyzed using Astrette 1.2 (Wyatt Technology). Values of the
differential refractive index increment (dn/dc) were obtained under the assumption that all of the
sample eluted from the column, and were averaged for various runs.>2 The low value of dn/dc for
poly(1-hexene) limited the accuracy of the data obtained via light scattering.

Starting materials. Zr(NMe)s,”? TiCl4(THF),,'4! PhCH,K,!82 and NpMgC1'?’
were prepared according to the literature procedures. [HNMePh][B(CeF5)4] and
[Ph3C][B(CgFs)4] were provided by Exxon Chemical Corporation. All other chemicals were
purchased from commercial suppliers. Diethylenetriamine and mesityl bromide were sparged with
nitrogen prior to use. MeLi was titrated with i-PrOH by employing 1,10-phenathroline as an
indicator. Mel and PhCH,Br were dried over activated 4 A molecular sieves for days prior to use.
1-Hexene was refluxed over sodium for four days and distilled. All other chemicals were used as
received.

* H,[MesN,NH]. A 2 L one-armed Schlenk flask was charged with a magnetic stir bar,
diethylenetriamine (23.450 g, 0.227 mol), mesityl bromide (90.51 g, 0.455 mol, 2 equiv.),
tris(dibenzylideneacetone)dipalladium(0) (1.041 g, 1.14 mmol, 0.005 equiv.), rac-BINAP (2.123
g, 3.41 mmol, 0.015 equiv.), NaO-t-Bu (65.535 g, 0.682 mol, 3 equiv.), and toluene (800 mL).
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The reaction mixture was heated to 95 °C with stirring and the reaction was monitored by 1H NMR
spectroscopy. After 4 days the reaction was complete with Hy[MesN2NH] being the only
significant product. The solvent was removed in vacuo at ~50 °C to leave a dark brown solid
residue. Diethyl ether (1 L) and water (1 L) were added to dissolve the solid residue and the
aqueous portion was removed. The diethyl ether solution was washed with water (1 L x 3),
saturated aqueous NaCl solution (0.5 L), and dried over MgSO4. The MgSO4 was removed by
filtration and the solvent was evaporated in vacuo to yield a red oil which was further heated at
70 °C overnight (~12 h) at 40 mTorr. The red oil crystallized upon cooling to room temperature
under nitrogen to give red needle-like crystals; yield 71.10 g (92%). The red crystals were pure
according to 1H NMR spectrum and was used in subsequent organometallic reactions.
Recrystallization from pentane or hexane gave yellow crystals; yield 65.45 g (85%). This reaction
can be scaled up to give ~100 g of product: IR (CHCI3): NH(st) 3357 cm!; IR (Etp0O): NH(st)
3355 cml; IH NMR (CgDg) 5 6.83 (s, 4, Hy), 3.39 (br s, 2, AryINH), 2.86 (t, 4, CHp), 2.49 (,
4, CHp), 2.27 (s, 12, Mey), 2.21 (s, 6, Mep), 0.68 (br s, 1, CH;NHCH>); 1H NMR (CDCl3) 8
6.83 (s, 4, Hy), 3.08 (t, 4, CHp), 2.89 (t, 4, CH), 2.29 (s, 12, Mey), 2.24 (s, 6, Mep), NH not
found; 13C NMR (Cg¢Dg) & 143.74 (C, Aryl), 131.35 (C, Aryl), 129.83 (C, Aryl), 129.55 (CH,
Aryl), 50.17 (CHy), 48.56 (CHy), 20.70 (Mep), 18.51 (Me,); HRMS (EI, 70 eV): m/z calcd. for
CooH33N3 339.267448, found 339.26732. Anal. Calcd. for C22H33N3: C, 77.83; H, 9.80; N;
12.38. Found: C, 77.85; H, 9.72; N, 12.31.
* [MesN2NH]Zr(NMej)z. Diethyl ether (15 mL) was added to a solid mixture of
Hz[MesN2NH] (1.018 g, 3.00 mmol) and Zr(NMe3)4 (0.802 g, 3.00 mmol) at room temperature.
The reaction mixture was stirred at room temperature overnight (~13 h). Insoluble materials were
removed by filtration and washed with pentane (5 mL). The filtrate was concentrated in vacuo
until the volume was ~5 mL. Pentane (~1 mL) was layered on top and the mixture was cooled to
-30 °C to yield pale orange crystals. The crystals were collected on a glass frit, washed with
pentane (~1 mL), and dried in vacuo; yield 990 mg (64%): 1H NMR (C¢Dg) § 6.96 (s, 2, Hm),
6.95 (s, 2, Hp), 3.36 (m, 2, CHy), 3.05 (s, 6, Me), 3.01 (m, 2, CHp), 2.61 (m, 4, CHy), 2.47
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(s, 6, Me), 2.45 (s, 6, Me), 2.28 (s, 6, Me), 2.21 (s, 6, Me), 1.80 (br s, 1, NH); 13C NMR
(CeDe) 5 150.48 (C, Aryl), 134.49 (C, Aryl), 132.06 (C, Aryl), 129.61 (Cy), 55.59 (CHy),
49.26 (CHy), 44.62 (ZrNMe), 41.27 (ZtNMe), 21.31 (Mep), 19.52 (Meo). Anal. Calcd. for
Co6Hy3NsZr: C, 60.42; H, 8.39; N; 13.55. Found: C, 60.31; H, 8.29; N, 13.39.
* [MesN2NH]ZrCl,. Neat Me3SiCl (0.56 mL, 4.41 mmol, 3 equiv.) was added to a
toluene solution (20 mL) of [MesNo,NH]Zr(NMey)2 (755 mg, 1.461 mmol) at room temperature.
The solution was stirred at room temperature overnight (~16 h). All volatile components were
removed in vacuo until the volume reached ~5 mL. Pentane (7 mL) was added to the concentrated
solution to precipitate the pale brown solid product, which was collected on a fritted funnel,
washed with pentane (7 mL), and dried in vacuo; yield 635 mg (87%): 1H NMR (CgD¢) 5 6.88 (s,
2, Hp), 6.83 (s, 2, Hy), 3.32 (m, 2, CHy), 2.86 (m, 2, CHy), 2.50 (s, 6, Me-Aryl), 2.45 (m, 4,
CHpy), 2.40 (s, 6, Me-Aryl), 2.20 (br s, 1, NH), 2.13 (s, 6, Me-Aryl); 13C NMR (CgDg) &
146.28 (C, Aryl), 135.52 (C, Aryl), 134.48 (C, Aryl), 134.14 (C, Aryl), 130.48 (Cy,), 130.28
(Cm), 57.13 (CHy), 49.43 (CHy), 21.33 (Me, Aryl), 19.49 (Me, Aryl), 19.41 (Me, Aryl). Anal.
Calcd. for CooH31CIpN3Zr: C, 52.89; H, 6.25; N; 8.41. Found: C, 52.76; H, 6.35; N, 8.48.
* [MesN2NH]ZrMe;. Method A: MeMgl (0.1 mL, 3 M in diethyl ether, 0.3 mmol, 2
equiv.) was added to a diethyl ether solution (5 mL) of [MesN2NH]ZrCl (75 mg, 0.150 mmol) at
-30 °C. The reaction mixture was stirred at room temperature for 10 min; at this moment an aliquot
was analyzed by !H NMR spectroscopy which showed quantitative formation of
[MesNoNH]ZrMe,. 1,4-Dioxane (5 drops) was added and the precipitate was removed by
filtration through Celite. The filtrate was concentrated in vacuo until the volume was ~1 mL.
Pentane (2 mL) was added to the concentrated diethyl ether solution to precipitate the white solid
product; yield 69 mg (76%). Method B: Solid ZrCly (0.709 g, 3.043 mmol) was added in
portions to a diethyl ether solution (20 mL) of Hy[MesNoNH] (1.033 g, 3.043 mmol) at -30 °C
with vigorous stirring. The suspension was warmed to room temperature. Pale yellow solid
precipitated gradually over a period of 1 h. The yellow suspension was cooled to -30 °C and

MeMgl (4.1 mL, 3 M in diethyl ether, 12.3 mmol, 4.1 equiv.) was added. Gas evolved and the
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solution turned white and cloudy immediately. The solution was stirred at room temperature for 10
min and 1,4-dioxane (1.2 g, 4.5 equiv.) was added. The reaction mixture was filtered through
Celite, which was washed with diethyl ether (10 mL x 2). The yellow filtrate was concentrated in
vacuo until the volume was ~20 mL. The concentrated solution was cooled to -30 °C for 1 h to
give colorless crystals. The crystals were collected by filtration on a glass frit and dried in vacuo;
yield 0.571g (41%). Method C: The procedures were analogous to those of Method B except
that the adduct {H[MesNoNH]}ZrCly was formed from a suspension of Hy[MesN,NH] and
ZrCly in toluene at 80 °C overnight and that MeMgBr was added to a toluene suspension of
{Ho[MesN,NH]}ZrCly. This condition produced 60 g of [MesN,NH]ZrMe; yield 86%.7% X-
ray quality crystals of [MesNoNH]ZrMe, were grown from a mixture of diethyl ether, toluene,
and hexamethyldisiloxane at -30 °C: 1H NMR (CgD¢) 6 6.99 (s, 2, Hy), 6.97 (s, 2, Hy,), 3.31
(m, 2, CHj), 3.13 (m, 2, CHj), 2.53 (s, 6, Me-Aryl), 2.43 (s, 6, Me-Aryl), 2.36 (m, 4, CHy),
2.21 (s, 6, Me-Aryl), 1.16 (br s, 1, NH), 0.24 (s, 3, ZrtMe), 0.07 (s, 3, ZrMe); 'H NMR
(toluene-dg) 6 6.89 (s, 2, Hp), 6.88 (s, 2, Hp), 3.26 (m, 2, CHy), 3.11 (m, 2, CHy), 2.47 (s, 6,
Me-Aryl), 2.42 (m, 4, CHj), 2.36 (s, 6, Me-Aryl), 2.16 (s, 6, Me-Aryl), 1.20 (br s, 1, NH),
0.13 (s, 3, ZrMe), -0.09 (s, 3, ZrMe); 1H NMR (toluene-dg, 50 °C) & 6.88 (s, 2, Hy,), 6.87 (s, 2,
Hp), 3.27 (m, 2, CHj), 3.18 (m, 2, CHy), 2.51 (m, 4, CHy), 2.47 (s, 6, Me-Aryl), 2.35 (s, 6,
Me-Aryl), 2.15 (s, 6, Me-Aryl), 1.42 (br s, 1, NH), 0.12 (s, 3, ZtMe), -0.16 (s, 3, ZrMe); 13C
NMR (CgDg) 5 146.56 (C, Aryl), 136.07 (C, Aryl), 135.55 (C, Aryl), 134.23 (C, Aryl), 130.29
(Cm), 129.98 (Cyy), 57.46 (CHy), 51.27 (CHp), 42.45 (ZrMe), 39.63 (ZtMe), 21.44 (Me, Aryl),
19.39 (Me, Aryl), 19.28 (Me, Aryl). Anal. Calcd. for Co4H37N3Zr: C, 62.83; H, 8.13; N; 9.16.
Found: C, 62.91; H, 8.02; N, 9.04.

[MesN2NH]ZrNpCl. Method A: NpMgCl (0.05 mL, 2.27 M in diethyl ether, 0.113
mmol) was added to a diethyl ether solution (10 mL) of [MesN2NH]ZrCl; (53 mg, 0.106 mmol) at
-30 °C. The reaction mixture was stirred at room temperature for 20 min and 1,4-dioxane (10
drops) was added. Insoluble materials were removed by filtration through Celite. The pale yellow

filtrate was concentrated in vacuo until the volume was ~1 mL. Pentane (1 mL) was layered on top
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and the solution was cooled to -30 °C to give a pale yellow crystalline solid. The supernatant was
decanted and the solid was dried in vacuo; yield 49 mg (86%). Method B: The procedures were
analogous to those of Method A except using two equiv. of NpMgCl. A reaction between
[MesNoNH]ZrCl, (150 mg, 0.300 mmol) and NpMgCl (0.27 mL, 2.27 M in diethyl ether, 0.613
mmol, 2 equiv.) produced crystalline [MesN,NH]ZrNpCl; yield 48 mg (30%): 1H NMR (CgDg) &
6.95 (s, 2, Hy), 6.91 (s, 2, Hy), 3.23 (m, 2, CHy), 3.04 (m, 2, CHy), 2.54 (s, 6, Me-Aryl),
2.44 (s, 6, Me-Aryl), 2.42 (m, 4, CHy), 2.16 (s, 6, Me-Aryl), 1.77 (br s, 1, NH), 1.26 (s, 9,
ZrCHyCMes3), 1.05 (s, 2, ZrCHyCMe3); 13C NMR (CgDg) & 147.33 (C, Aryl), 134.80 (C, Aryl),
134.71 (C, Aryl), 134.68 (C, Aryl), 130.32 (Cy,), 130.08 (Cy), 74.21 (ZrCH,CMe3), 66.26
(ZrCH;CMe3), 56.34 (NCH2CH3N), 49.01 (NCH2CHN), 35.35 (ZrCHaCMes), 21.36 (Me,
Aryl), 20.07 (Me, Aryl), 19.84 (Me, Aryl). Anal. Calcd. for Co7H42CIN3Zr: C, 60.58; H, 7.91;
N; 7.85. Found: C, 60.65; H, 8.03; N, 7.75.

[MesN;NMe]ZrlI;. MeLi (1.9 mL, 1.4 M in diethyl ether, 2.66 mmol) was added to a
diethyl ether solution (50 mL) of [MesN>;NH]Zr(NMej)> (1.347 g, 2.61 mmol) at -30 °C. The
mixture was stirred at room temperature for 2 h and cooled to -30 °C. Mel (3.9 mL, 62.65 mmol,
24 equiv.) was added to the cold solution and the reaction was monitored by 1H NMR
spectroscopy which showed quantitative formation of [MesNoNMe]Zrl; in 3 days. The solvent
was removed in vacuo. The product was extracted with CH>Cl, (50 mL) and the extract was
filtered through Celite to remove Lil. The filtrate was concentrated in vacuo until the volume was
~1 mL to give a pale yellow crystalline solid. The supernatant was decanted and the solid was
dried in vacuo; yield 1.717 g (94%): 1H NMR (CgDg) & 6.88 (s, 2, Hpy), 6.83 (s, 2, Hp), 3.31
(m, 2, CHy), 2.90 (m, 2, CHy), 2.68 (s, 6, Me-Aryl), 2.57 (m, 2, CHy), 2.38 (s, 6, Me-Aryl),
2.30 (s, 3, NMe), 2.21 (m, 2, CHp), 2.11 (s, 6, Me-Aryl); 13C NMR (Cg¢Dg) 8 146.27 (C, Aryl),
136.30 (C, Aryl), 134.11 (C, Aryl), 133.82 (C, Aryl), 130.95 (Cp,), 130.53 (Cy,), 57.73 (CHy),
56.62 (CHy), 48.62 (NMe), 21.36 (Meo,), 20.40 (Mep). Anal. Calcd. for C33H3312N3Zr: C,
39.66; H, 4.78; N; 6.03. Found: C, 39.48; H, 4.86; N, 5.93.
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[MesN,NMe]Zr(OTf);. MeLi (0.1 mL, 2.12 M in diethyl ether, 2.12 mmol) was
added to a solution of [MesNoNH]Zr(NMej); (108 mg, 0.209 mmol) in diethyl ether (3 mL) at
30 °C. The solution was stirred at room temperature for 2 h and a reaction aliquot was analyzed
by 1H NMR spectroscopy which showed the quantitative formation of
[MesN,NLi]Zr(NMes)2(OEty): IH NMR (C¢Dg) 8 7.00 (s, 4, Aryl), 3.93 (m, 2, CHy), 3.52 (br
s, 6), 3.10 (q, 4, OCH,CH3), 2.86 (br s, 6), 2.58 (br s, 6), 2.47 (br s, 6), 2.26 (s, 12, NMe),
0.95 (t, 6, OCH,CH3). The diethyl ether suspension of [MesN,NLi]Zr(NMej)2(OEt,) was
cooled to -30 °C and MeOTf (0.09 mL, 0.820 mol, 3.9 equiv.) was added. The solution color
immediately changed from orange to yellow upon addition of MeOTT. The reaction mixture was
stirred at room temperature for 15 min and filtered through Celite. The filtrate was concentrated in
vacuo until the volume was ~1 mL and pentane (~2 mL) was added to precipitate the crude product
which was recrystallized from concentrated diethyl ether solution at -30 °C to give colorless
crystals; yield 88 mg (57%): 'H NMR (CgDs¢) & 6.83 (s, 2, Hp), 6.75 (s, 2, Hp), 3.31 (m, 2,
CH,), 2.88 (m, 2, CH»), 2.72 (m, 2, CHp), 2.57 (s, 3, NMe), 2.46 (m, 2, CHp), 2.35 (s, 6, Me-
Aryl), 2.20 (s, 6, Me-Aryl), 2.10 (s, 6, Me-Aryl); 19F NMR (C¢Dg) & -77.34 (s, 3, OTf), -77.49
(s, 3, OTf). Anal. Calcd. for Cp5H33FgN306S2Zr: C, 40.53; H, 4.49; N; 5.67. Found: C,
40.68; H, 4.38; N, 5.59.

[MesN2NMelZrMe(OTf). MeLi (0.16 mL, 2.8 M in diethyl ether, 0.448 mmol, 2.3
equiv.) was added to a diethyl ether solution (4 mL) of [MesN>NH]Zr(NMej3), (102 mg, 0.197
mmol) at -30 °C. The clear solution turned cloudy immediately. The reaction mixture was stirred
at room temperature for 2 h and cooled to -30 °C. MeOTf (0.07 mL, 0.638 mmol, 3.2 equiv.) was
added to this cold orange suspension. The suspension turned pale yellow immediately. The
reaction mixture was stirred at room temperature for 15 min. Insoluble materials were removed by
filtration through Celite and washed with pentane (2 mL). The filtrate was concentrated until the
volume was ~1 mL and cooled to -30 °C to give a pale yellow crystalline solid. The supernatant
was decanted and the product was dried in vacuo; yield 70 mg (58%). The crystals of the product

contain one equiv. of diethyl ether according to IH NMR and elemental analysis: 1H NMR (CeDe¢)
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86.94 (s, 2, Hy), 6.92 (s, 2, Hy), 3.36 (m, 2, CHp), 3.05 (m, 2, CHp), 2.67 (m, 2, CHy), 2.45
(s, 6, Me-Aryl), 2.30 (s, 6, Me-Aryl), 2.25 (s, 3, NMe), 2.18 (s, 6, Me-Aryl), 2.13 (m, 2, CHp),
0.51 (s, 3, ZrtMe); 13C NMR (Ce¢Dg) 5 145.29 (C, Aryl), 135.36 (C, Aryl), 134.96 (C, Aryl),
134.42 (C, Aryl), 130.43 (Cp), 130.19 (Cy,), 58.12 (CHp), 56.53 (OTf, lJcg = 167), 54.78
(CHy), 46.25 (Me), 38.67 (Me), 21.26 (Me, Aryl), 19.28 (Me, Aryl), 18.80 (Me, Aryl); 19F
NMR (CgDg) §-77.92 (OTf). Anal. Calcd. for Co9Hy46F3N304SZr: C, 51.15; H, 6.81; N; 6.17.
Found: C, 51.01; H, 6.74; N, 6.08.
* [MesN2NMelZrMe;. Method A: MeMgl (0.14 mL, 3 M in diethyl ether, 0.42 mmol,
2 equiv.) was added to a diethyl ether solution (3 mL) of [MesN2NMe]Zrl, (137 mg, 0.197 mmol)
at -30 °C. The reaction mixture was stirred at room temperature for 40 min and 1,4-dioxane (5
drops) was added. Insoluble materials were removed by filtration through Celite and washed with
diethyl ether (2 mL). The filtrate was concentrated in vacuo until the volume was ~1 mL. The
concentrated solution was cooled to -30 °C for 3 h to give a colorless crystalline solid. The
supernatant was decanted and the product was dried in vacuo; yield 63 mg (68%). Method B:
MelLi (0.15 mL, 1.4 M in diethyl ether, 0.21 mmol) was added to a diethyl ether suspension (3
mL) of [MesNoNH]ZrMe; (98 mg, 0.21 mmol) at -30 °C. The cloudy and white suspension
became homogeneous, pale yellow immediately. The solution was stirred at room temperature for
1 h and cooled to -30 °C. Mel (45 mg, 0.32 mmol, 1.5 equiv.) was added to the cold solution and
the reaction mixture was stirred at room temperature for 1 h. All volatile components were
removed in vacuo. The solid residue was extracted with toluene (5 mL) and the toluene extract
was filtered through Celite. Toluene was removed from the filtrate in vacuo and the solid residue
was partially dissolved in pentane (10 mL). The volume of the pentane solution was reduced in
vacuo until the volume was ~2 mL to afford a colorless crystalline solid. The concentrated solution
was cooled to -30 °C for 2 h. The supernatant was decanted and the product was dried in vacuo;
yield 64 mg (63%). Method C: MeLi (1.44 mL, 2.12 M in diethyl ether, 3.05 mmol, 3.1
equiv.) was added to a diethyl ether solution (10 mL) of [MesN,NH]Zr(NMej)> (507 mg, 0.981

mmol) at -30 °C. The reaction mixture was stirred at room temperature for 2 h and cooled to
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-30 °C. MeOTf (0.43 mL, 3.920 mmol, 4 equiv.) was added to the cold solution. The reaction
mixture was stirred at room temperature for 15 min and the solvent was removed in vacuo. The
solid residue was triturated and extracted with pentane (20 mL x 3). The extract was filtered
through Celite and concentrated in vacuo to give a white crystalline solid; yield 181 mg (39%).
Method D: MeLi (0.08 mL, 1.4 M in diethyl ether, 0.112 mmol) was added to a diethyl ether
solution (3 mL) of [MesN2NMe]ZrMe(OTf) (71 mg, 0.117 mmol) at -30 °C. The reaction mixture
was stirred at room temperature for 1 h and the solvent was removed in vacuo. The solid residue
was extracted with pentane (10 mL) and stirred at room temperature for 30 min. Insoluble
materials were removed by filtration through Celite and washed with pentane (1 mL). The filtrate
was concentrated in vacuo until the volume was ~1 mL. The concentrated solution was cooled to
-30 °C to give a colorless crystalline solid. The supernatant was decanted and the product was
dried in vacuo; yield 38 mg (69%). Method E: This method can be regarded as a combination of
the Method C of [MesN,NH]ZrMe; and the Method B of [MesN,NMe]ZrMe;. MeMgBr (5
equiv.) was added to a diethyl ether suspension of {H[MesNoNH]}ZrCl4 to give
[MesNoNMel]ZrMe; on a scale of 8 g; yield 95%.172 X-ray quality crystals were grown from a
saturated solution of diethyl ether and pentane at -30 °C: 1H NMR (CgDg) & 6.99 (s, 2, Hy,), 6.95
(s, 2, Hpm), 3.62 (m, 2, CHy), 2.98 (m, 2, CHy), 2.66 (m, 2, CHp), 2.47 (s, 6, Me-Aryl), 2.44
(s, 6, Me-Aryl), 2.20 (s, 6, Me-Aryl), 2.12 (m, 2, CHj), 2.01 (s, 3, NMe), 0.26 (s, 3, ZrMe),
0.23 (s, 3, ZrMe); !H NMR (toluene-dg) & 6.89 (s, 2, Hy,), 6.86 (s, 2, Hy), 3.58 (m, 2, CHp),
3.01 (m, 2, CHp), 2.68 (m, 2, CHy), 2.43 (s, 6, Me-Aryl), 2.37 (s, 6, Me-Aryl), 2.19 (m, 2,
CHpy), 2.14 (s, 6, Me-Aryl), 2.08 (s, 3, NMe), 0.15 (s, 3, ZrMe), 0.06 (s, 3, ZrMe); 1H NMR
(CeD5Br) 5 6.87 (s, 2, Hyp), 6.84 (s, 2, Hy), 3.71 (m, 2, CHy), 3.06 (m, 2, CH), 2.94 (m, 2,
CH3), 2.49 (m, 2, CHj), 2.40 (s, 6, Me-Aryl), 2.34 (s, 6, Me-Aryl), 2.28 (s, 3, NMe), 2.14 (s,
6, Me-Aryl), 0.04 (s, 3, ZrMe), -0.03 (s, 3, ZtMe); 13C NMR (CgDg) 6 146.13 (C, Aryl), 136.63
(C, Aryl), 136.08 (C, Aryl), 134.32 (C, Aryl), 130.36 (Cy,), 130.05 (Cp,), 61.14 (CHy), 55.89
(CHp), 43.31 (Me), 40.62 (Me), 37.10 (Me), 21.42 (Me, Aryl), 19.20 (Me, Aryl), 19.09 (Me,
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Aryl). Anal. Calcd. for Cp5H39N3Zr: C, 63.51; H, 8.31; N; 8.89. Found: C, 63.26; H, 8.14; N,
8.85.

[MesNaNMelZrBny. {Hp[MesNaNH]}ZrCly was synthesized by heating a toluene
suspension of Hy[MesN7NH] and ZrCly at 80 °C overnight. Solid {H2[MesNoNH]}ZrCly was
filtered, washed with toluene, and dried in vacuo. Solid PhCHK (227 mg, 1.743 mmol, 5
equiv.) was added in portions to a white suspension of {H2[MesN;NH]}ZrClg (200 mg, 0.349
mmol) in diethyl ether (4 mL) at -30 °C. The orange suspension was stirred at room temperature
for 1 h, during which time the orange color faded gradually to become pale yellow. The pale
yellow suspension was cooled to -30 °C and a diethyl ether solution (2 mL) of Mel (50 mg, 0.352
mmol) at -30 °C was added. The reaction mixture was stirred at room temperature for 45 min. All
volatile materials were removed in vacuo. The solid residue was triturated with pentane (5 mL)
and filtered through Celite. The solvent was removed from the filtrate to give an oily residue. The
oil was redissolved in diethyl ether (1 mL) and the solution was cooled to -30 °C overnight to give
yellow crystals. The supernatant was decanted and the crystals were dried in vacuo; yield 49 mg
(22%): 'H NMR (C¢Dg) §7.09 (t, 2, Aryl), 7.02 (t, 2, Aryl), 6.97 (s, 2, Aryl), 6.94 (s, 2, Aryl),
6.89 (t, 2, Aryl), 6.22 (d, 2, Aryl), 6.50 (d, 2, Aryl), 3.33 (m, 2, CHy), 3.27 (m, 2, CHy), 2.80
(m, 2, CHy), 2.50 (s, 6, Me-Aryl), 2.44 (s, 6, Me-Aryl), 2.19 (s, 6, Me-Aryl), 2.16 (m, 2,
CHpy), 2.05 (s, 3, NMe), 1.80 (s, 2, ZrCH,Ph), 1.70 (s, 2, ZrCH,Ph); 13C NMR (CgDg) &
147.85, 135.67, 134.69, 130.76, 130.22, 129.87, 129.45, 127.58, 123.01, 122.28, 65.24
(ZrCH3Ph), 64.15 (ZrCH,Ph), 58.05 (NCHCH»N), 55.34 (NCH2CH;N), 42.98 (NMe), 21.32
(Me, Aryl), 20.40 (Me, Aryl), 19.78 (Me, Aryl). Anal. Calcd. for C37H47N3Zr: C, 71.10; H,
7.58; N; 6.72. Found: C, 70.88; H, 7.50; N, 6.67.

[MesN2NBn]Zr(NMe3)2 and [MesN2NBn]ZrCl;. MeLi (0.12 mL, 2.12 M in
diethyl ether, 0.254 mmol) was added to a diethyl ether solution (3 mL) of [MesNoNH]Zr(NMe3),
(130 mg, 0.252 mmol) at -30 °C. The reaction mixture was stirred at room temperature for 2 h and
cooled to -30 °C. To this cold solution was added a cold diethyl ether solution (3 mL, -30 °C) of

PhCH3Br (0.03 mL, 0.252 mmol). The reaction mixture was stirred at room temperature for 2 h,
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at which time a reaction aliquot was analyzed by 1H NMR spectroscopy which showed quantitative
formation of [MesN,NBn]Zr(NMej): 1H NMR (CeDg) 8 7.14 (m, 2, Ph), 7.02 (m, 3, Ph), 6.98
(s, 2, Hp, Mes), 6.96 (s, 2, Hy, Mes), 4.12 (s, 2, NCH;Ph), 3.37 (m, 2, NCH2CHN), 3.27
(m, 2, NCH,CH>,N), 3.19 (s, 6, ZtNMe), 2.74 (m, 4, NCH2CHN), 2.57 (s, 6, Me-Aryl), 2.50
(s, 6, Me-Aryl), 2.42 (s, 6, ZtNMe), 2.23 (s, 6, Me-Aryl). All volatile materials were removed in
vacuo and toluene (3 mL) was added. Me3SiCl (0.1 mL, 0.756 mmol, 3 equiv.) was added to this
toluene suspension at room temperature with stirring. The reaction was monitored by analyzing a
reaction aliquot by !H NMR spectroscopy which showed quantitative formation of
[MesN2NBn]ZrCl, in 2 days. All volatile components were removed in vacuo and the product
was extracted with CH2Clp (5 mL). LiBr was removed by filtration through Celite and the solvent
was removed in vacuo. The colorless crystalline solid was washed with pentane (2 mL) and dried
in vacuo; overall yield 123 mg (83%): !H NMR (C¢De; chemical shifts may vary within ~0.3 ppm
depending on the concentration) § 7.07 (m, 3, Ph), 6.91 (s, 2, Hy,, Mes), 6.86 (s, 2, Hy, Mes),
6.77 (m, 2, Ph), 4.36 (s, 2, NCH,Ph), 3.41 (m, 2, NCH2CH2N), 3.17 (m, 2, NCH2CH,N),
2.70 (m, 2, NCH2CH2N), 2.69 (s, 3, Me-Aryl), 2.68 (s, 3, Me-Aryl), 2.63 (m, 2,
NCH>CH,N), 2.46 (s, 3, Me-Aryl), 2.44 (s, 3, Me-Aryl), 2.41 (s, 6, Me-Aryl); 13C NMR
(CeDe) 8 146.58 (C, Aryl), 135.78 (C, Aryl), 134.45 (C, Aryl), 134.11 (C, Aryl), 132.27 (CH,
Aryl), 132.02 (C, Aryl), 130.61 (CH, Aryl), 130.25 (CH, Aryl), 129.18 (CH, Aryl), 129.01
(CH, Aryl), 59.60 (NCH2Ph), 55.56 (NCH3), 52.73 (NCHj), 21.31 (Me-Aryl), 19.84
(Me-Aryl), 19.40 (Me-Aryl). Anal. Calcd. for Co9H37CIoN3Zr: C, 59.06; H, 6.32; N; 7.12.
Found: C, 58.89; H, 6.30; N, 7.04.

[MesN2NBn]ZrMej. MeLi (0.48 mL, 1.4 M in diethyl ether, 0.672 mmol) was added
to a diethyl ether solution (10 mL) of [MesN,NH]ZrMe; (306 mg, 0.667 mmol) at -30 °C. The
solution was stirred at room temperature for 1 h and cooled to -30 °C. To this cold solution was
added a diethyl ether solution (2 mL) of PhCH,Br (114 mg, 0.667 mmol) at -30 °C. The clear
solution became yellow and cloudy in 10 seconds. The reaction mixture was stirred at room

temperature for 30 min. (Note: Longer reaction time led to the decomposition of
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[MesNoNBn]ZrMej.) The volatile components were removed in vacuo and the residue was
extracted with dichloromethane (20 mL). The extract was filtered through Celite and the solvent
was completely removed in vacuo to give a colorless solid. The solid product was washed with
pentane (2 mL x 2) and dried in vacuo; yield 255 mg (70%): 'H NMR (CgDg) 8 7.11-6.99 (m, 9,
Aryl), 3.96 (s, 2, NCH,Ph), 3.90 (m, 2, NCH2CH2N), 3.13 (m, 2, NCH2CH2N), 2.61 (m, 2,
NCH3CH3N), 2.58 (s, 6, Me-Aryl), 2.51 (m, 2, NCH2CH,N), 2.47 (s, 6, Me-Aryl), 2.21 (s, 6,
Me-Aryl), 0.38 (s, 3, ZrMe), 0.27 (s, 3, ZtMe); 'H NMR (toluene-dg; the intensities of the
aromatic resonances are not certain due to their overlap with residual C7Hg signals) § 7.11 (m,
Aryl), 6.98 (m, Aryl), 6.94 (s, 2, Aryl), 6.93 (s, 2, Aryl), 3.96 (s, 2, NCH,Ph), 3.85 (m, 2,
NCH,CH3N), 3.13 (m, 2, NCH,CHN), 2.65 (m, 2, NCH,CH3N), 2.56 (s, 6, Me-Aryl), 2.51
(m, 2, NCHCH)N), 2.43 (s, 6, Me-Aryl), 2.19 (s, 6, Me-Aryl), 0.30 (s, 3, ZrMe), 0.13 (s, 3,
ZrMe); 13C NMR (toluene-dg; the assignment of aromatic signals and mesityl methyl signals is
incomplete due to their overlap with residual C7Hg signals) & 145.82, 136.05, 135.55, 133.97,
132.02, 130.05, 129.95, 110.36, 104.35, 55.33 (CHjy), 54.55 (CHj), 43.43 (CH3), 40.37
(ZrtMe), 35.00 (ZrMe), 19.15 (Me-Aryl), 18.75 (Me-Aryl). Anal. Calcd. for C31H43N3Zr: C,
67.83; H, 7.90; N; 7.66. Found: C, 67.62; H, 8.03; N, 7.59.

[MesN2NBnF]1Zr(NMej); and [MesN;NBn¥]ZrCl,. MeLi (0.16 mL, 1.4 M in
diethyl ether, 0.224 mmol) was added to a diethyl ether solution (5 mL) of [MesNoNH]Zr(NMe;),
(121 mg, 0.234 mmol) at -30 °C. The reaction mixture was stirred at room temperature for 1 h and
cooled to -30 °C. To this cold solution was added a diethyl ether solution (2 mL) of CgFsCH,Br
(61 mg, 0.234 mmol) at -30 °C and the solution was stirred at room temperature for 2 h to give
[MesN,NBnF]Zr(NMe,), quantitatively according to the 1H and 19F NMR spectra: 'H NMR
(CeDg) 86.94 (s, 4, Hy), 4.01 (s, 2, NCH2CgFs), 3.40 (m, 2, NCHoCH,N), 3.24 (m, 2,
NCH,CH2N), 3.18 (s, 6, ZtNMe), 2.62 (m, 4, NCH2CHN), 2.50 (s, 6, Me-Aryl), 2.48 (s, 6,
ZrNMe), 2.36 (s, 6, Me-Aryl), 2.19 (s, 6, Me-Aryl); 19F NMR (CgDg) 6-134.19 (d, 2, Fo),
-153.87 (t, 1, Fp), -162.38 (t, 2, Fyy). All volatile materials were removed in vacuo and toluene (3

mL) was added. To this toluene solution was added Me3SiCl (0.09 mL, 0.702 mmol, 3 equiv.)
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and the mixture was stirred at room temperature. The reaction was monitored by analyzing an
aliquot of its IH NMR spectrum which showed quantitative formation of [MesN2NBnF]ZrCl; in
24 h. LiBr was removed by filtration with Celite and the filtrate was concentrated in vacuo (at ~50
°C) until the volume was ~0.5 mL. Pentane (2 mL) was added to the concentrated toluene solution
to precipitate a white solid. The supernatant was decanted and the solid was dried in vacuo; overall
yield 120 mg (75%): !'H NMR (CgDg¢) 8 6.90 (s, 2, Hp,), 6.83 (s, 2, Hy), 4.30 (s, 2,
NCH>CgF5), 3.47 (m, 2, NCH,CH3N), 3.25 (m, 2, NCH2CH3N), 2.66 (m, 4, NCH,CH;N),
2.57 (s, 6, Me-Aryl), 2.46 (s, 6, Me-Aryl), 2.14 (s, 6, Me-Aryl); 19F NMR (C¢Dg) 8 -137.72 (d,
2, Fy), -152.09 (t, 1, Fp), -161.83 (t, 2, Fp); 13C NMR (CgDg) & 145.86 (C, Aryl), 136.07 (C,
Aryl), 134.36 (C, Aryl), 133.95 (C, Aryl), 130.74 (Cp), 130.53 (Cp), 55.34 (CHy), 52.75
(CHy), 46.67 (CHp), 21.30 (Me, Aryl), 19.72 (Me, Aryl), 19.47 (Me, Aryl), CF not found.
Anal. Calcd. for Co9H32ClhFsN3Zr: C, 51.25; H, 4.75; N; 6.18. Found: C, 51.32; H, 4.70; N,
6.24.

[MesN;NBnF]ZrMe;. MeLi (0.37 mL, 1.4 M in diethyl ether, 0.518 mmol) was
added to a diethyl ether solution (10 mL) of [MesN,NH]ZrMe» (240 mg, 0.523 mmol) at -30 °C.
The solution was stirred at room temperature for 1 h and cooled to -30 °C. To this cold solution
was added a diethyl ether solution (3 mL) of CgF5CHBr (136 mg, 0.521 mmol) at -30 °C. The
reaction mixture was stirred at room temperature for 2 h. All volatile components were removed in
vacuo. The residue was extracted with toluene (10 mL) and the extract was filtered through Celite.
The solvent was completely removed in vacuo to give an orange solid. The solid was gently
washed with cold pentane (2 mL x 2) to give pale a yellow solid; yield 301 mg (90%): 'H NMR
(CgDg) 6 6.96 (s, 2, Hp), 6.95 (s, 2, Hy), 3.85 (s, 2, NCH7CgFs), 3.62 (m, 2, NCH,CH,N),
3.30 (m, 2, NCH,CH3,N), 2.61 (s, 6, Me-Aryl), 2.48 (m, 4, NCH;CH2N), 2.41 (s, 6,
Me-Aryl), 2.18 (s, 6, Me-Aryl), 0.42 (s, 3, ZrMe), 0.05 (s, 3, ZrMe); 1°F NMR (C¢Dg) &
-138.18 (d, 2, Fo), -153.07 (t, 1, Fp), -161.96 (t, 2, F); 13C NMR (CgDg) 5 145.31 (C, Aryl),
136.00 (C, Aryl), 135.53 (C, Aryl), 134.86 (C, Aryl), 130.50 (Cp), 130.28 (Cp), 55.48 (CHy),
54.18 (CHy), 44.29 (CH,), 42.43 (ZrMe), 38.85 (ZtMe), 21.59 (Me, Aryl), 19.76 (Me, Aryl),
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19.49 (Me, Aryl), CF not found. Anal. Calcd. for C31H3gF5N3Zr: C, 58.28; H, 6.00; N; 6.58.
Found: C, 58.35; H, 6.10; N, 6.47.
* [MesN,;NH]TiMe;. Solid TiCl4(THF); (97 mg, 0.290 mmol) was added to a THF
solution (5 mL) of Hp[MesN;NH] (99 mg, 0.291 mmol) at -30 °C with vigorous stirring. The
reaction mixture immediately became dark red. The solution was stirred at room temperature for
50 min and cooled to -30 °C. MeMgl (0.39 mL, 3 M in diethyl ether, 1.17 mmol, 4 equiv.) was
added to this cold solution. Gas evolved immediately and the red solution lightened in color. The
solution was stirred at room temperature for 10 min and all volatile components were removed in
vacuo. The solid residue was extracted with pentane (8 mL) and the extract was filtered through
Celite. The filtrate was concentrated in vacuo until the volume was ~ 1 mL and the concentrated
solution was cooled to -30 °C for 6 h to give ared crystalline solid. The supernatant was decanted
and the solid was dried in vacuo; yield 41 mg (34%): 'H NMR (C¢Dg) 6 7.03 (s, 2, Hy), 6.93 (s,
2, Hp), 3.55 (m, 2, CHy), 3.20 (m, 2, CHy), 2.72 (s, 6, Me-Aryl), 2.37 (m, 4, CHj), 2.34 (s,
6, Me-Aryl), 2.21 (s, 6, Me-Aryl), 1.03 (br s, 1, NH), 0.84 (s, 3, TiMe), 0.49 (s, 3, TiMe); 13C
NMR (CgDg) 8 151.61 (C, Aryl), 134.22 (C, Aryl), 133.78 (C, Aryl), 133.11 (C, Aryl), 130.08
(Cm), 129.98 (Cyp), 63.55 (TiMe), 58.89 (CH»), 48.83 (TiMe), 48.02 (CHy), 21.38 (Me, Aryl),
19.75 (Me, Aryl), 19.35 (Me, Aryl). Anal. Calcd. for Co4H37N3Ti: C, 69.38; H, 8.98; N; 10.11.
Found: C, 69.03; H, 8.81; N, 10.26.

[MesN2NMe]TiMez. MeLi (0.1 mL, 1.4 M in diethyl ether) was added to a diethyl
ether solution (5 mL) of [MesN,NH]TiMe; (56 mg, 0.135 mmol) at -30 °C. The orange solution
was stirred at room temperature for 1 h and cooled to -30 °C. Mel (29 mg, 0.204 mmol, 1.5
equiv.) was added to the cold solution and the reaction mixture was stirred at room temperature for
4 h, at which time a reaction aliquot was analyzed by !H NMR spectroscopy which showed
quantitative formation of [MesNoNMe]TiMe,. All volatile components were removed in vacuo.
The residue was extracted with pentane (5 mL) and filtered through Celite. The filtrate was
concentrated in vacuo until the volume was ~1 mL. The concentrated solution was cooled to

-30 °C to give a yellow crystalline solid. The supernatant was decanted and the solid was dried in
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vacuo; yield 55 mg (96%): 1H NMR (CeDg) 6 7.02 (s, 2, Hp), 6.94 (s, 2, Hpy), 3.56 (m, 2,
CH»), 3.38 (m, 2, CHp), 2.75 (s, 6, Me-Aryl), 2.58 (m, 2, CHy), 2.35 (s, 6, Me-Aryl), 2.21 (s,
6, Me-Aryl), 2.15 (m, 2, CHp), 1.90 (s, 3, NMe), 0.96 (s, 3, TiMe), 0.58 (s, 3, TiMe); 13C
NMR (CgDg) § 151.57 (C, Aryl), 134.33 (C, Aryl), 133.91 (C, Aryl), 133.17 (C, Aryl), 130.21
(Cm), 130.06 (Cy,), 65.87 (TiMe), 57.25 (CHy), 56.95 (CHy), 50.93 (NMe), 43.87 (TiMe),
21.36 (Me, Aryl), 19.82 (Me, Aryl), 19.32 (Me, Aryl). Anal. Calcd. for Co5H39N3Ti: C, 69.92;
H, 9.15; N; 9.78. Found: C, 69.82; H, 9.21; N, 9.72.
* [MesN2NH]HfMe,. Solid HfCl4 (66 mg, 0.206 mmol) was added to a diethyl ether
solution (3 mL) of Hp[MesNoNH] (70 mg, 0.206 mmol) at -30 °C with vigorous stirring. The
reaction mixture was stirred at room temperature for 50 min, cooled to -30 °C, and treated with
MeMgl (0.28 mL, 3 M in diethyl ether, 0.84 mmol, 4 equiv.). Gas evolved immediately. The
solution was stirred at room temperature for 8 min and 1,4-dioxane (4 drops) was added.
Insoluble materials were removed by filtration through Celite to give a pale yellow solution. The
solution was concentrated in vacuo until the volume was ~1 mL and cooled to -30 °C for 1 h to
give colorless crystals. The supernatant was decanted and the crystals were dried in vacuo. The
crystals contained 2 equiv. of diethyl ether per Hf according to the 1H NMR spectrum and
elemental analysis; yield 47 mg (33%): 1H NMR (CgDg) 8 6.99 (s, 2, Hp), 6.95 (s, 2, Hp), 3.45
(g, 8, OCH2CH3), 3.35 (m, 2, NCH2CH2N), 3.19 (m, 2, NCH2CH2N), 2.56 (s, 6, Me-Aryl),
2.44 (s, 6, Me-Aryl), 2.32 (m, 4, NCH2CH3N), 2.21 (s, 6, Me-Aryl), 1.17 (br s, 1, NH), 0.84
(t, 12, OCH,CHS3), 0.15 (s, 3, HfMe), -0.23 (s, 3, HfMe); 13C NMR (CgDg)  147.12 (C, Aryl),
135.70 (C, Aryl), 135.49 (C, Aryl), 133.93 (C, Aryl), 130.26 (Cy), 129.96 (Cy,), 66.82
(OCH,CH3), 57.06 (NCH2CH;N), 54.87 (HfMe), 49.56 (NCH2CH,N), 48.40 (HfMe), 21.39
(Me, Aryl), 19.41 (Me, Aryl), 19.29 (Me, Aryl), 14.45 (OCH2CH3). Anal. Calcd. for
Co4H37HIN3(OEt2)7: C, 55.36; H, 8.27; N; 6.05. Found: C, 55.48; H, 8.21; N, 6.11.
Polymerization of 1-hexene using activated [MesN2NH]ZrMe; (Table 3.2).
Stock solutions of [MesNoNH]ZrMe» (6.54 mM in chlorobenzene) and [Ph3C][B(CgF5)4] (5.96

mM in chlorobenzene) were freshly prepared and employed for each polymerization. The molarity
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of the two stock solutions was arbitrarily controlled in a ratio of 1.1:1 with the limiting reagent
being [Ph3C]{B(CgF5)4]. A 100 mL one-necked round-bottom flask was charged with a magnetic
stir bar, a rubber septum cap, and a solution of [Ph3C][B(C¢Fs)4] (1.5 mL, 8.94 umol). The
solution was cooled to 0 °C and a solution of [MesNoNH]ZrMe, (1.5 mL, 9.81 umol) was added.
The mixture was stirred at 0 °C for ~10 seconds. The yellowish orange solution was kept at 0 °C
and a stoichiometric amount of 1-hexene (0.15 mL, 134 equiv.; 0.35 mL, 313 equiv.; 0.70 mL,
626 equiv.) was added into this solution with an air-free syringe. After one hour, the
polymerization reaction was quenched with HCI (1 mL, 1 M in diethyl ether). All volatile
components were removed in vacuo (100 mTorr, 70 °C) until the product weight did not change
(~20 h). Yields were essentially quantitative in each experiment.

Polymerization of 1-hexene using activated [MesN;NMe]ZrMe;, (Table
3.2). The procedures were all identical to those employing [MesNoNH]ZrMe; as the catalyst
precursor. The concentrations of the stock solutions for [MesNNMe]ZrMe, and
[Ph3C][B(CeFs)4] in chlorobenzene were 6.34 mM and 5.75 mM, respectively. The volume of
the stock solutions employed in each experiment was 1.5 mL. The mixture of [MesN,NMe]ZrMe,
and [Ph3C][B(CgFs)4] was either kept at 0 °C (runs 6-8, 10, 13-14) or gradually warmed to 20 °C
(runs 9, 11, and 12). The amounts of 1-hexene employed were 0.15 mL (139 equiv.), 0.35 mL
(325 equiv.), and 0.70 mL (649 equiv.), respectively. Yields were all quantitative for each
experiment.

Polymerization of 1-hexene using activated [MesN;NMe]ZrMe, (Table
3.3). The concentrations of the stock solutions for both [MesNoNMelZrMe, and
[Ph3C}[B(CgF5)4] were the same as those employed in Table 3.2. A stoichiometric amount of
1-hexene was added to the catalyst solution at 20 °C in all runs. The temperature change was
monitored by a thermometer with an error of 1 °C. After a pause (in a condition as specified in
Table 3.3), a second stoichiometric amount of 1-hexene was added and the solution temperature
was monitored by a thermometer. The polymerization was quenched and the poly(1-hexene)

isolated as described above. Yields were quantitative in runs 1-5 and ~ 60% in runs 6-9.
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X-ray Crystallographic data: Structural Parameters and Atomic Coordinates.

The single crystals were grown under the conditions that were described in the
Experimental Sections of each chapter. All X-ray data were collected on a Siemens SMART/CCD
diffractometer with A(MoKg) = 0.71073 A using  scans at temperatures specified (see Tables
below). The structures were solved using a full-matrix least squares refinement on F2. No

absorption correction was applied. All non-hydrogen atoms were refined anisotropically.
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Table A.l.

Crystal

data and

structure

refinement

[BdeNON][BdeNON']Zr2(CH;SiMe3),, and [ArFN,N]TaMe;.

compound
identification code
formula

formula weight
crystal size (mm)
crystal system
space group

a(A)

b(A)

c (f\)

a (%)

B

Y

V (A3)

Z

density calcd. (Mg/ m3)
p (mm-l)

F (000)

T (K)

0 range (w scans)

limiting indices

reflections collected
independent reflections
Rint

data / restr. / parameters
goodness-of-fit on F2
R1/wR2 [I>20(I)]
R1/wR2 (all data)
extinction coefficient
max / min peaks (eA-3)

HfNp>

99086
C40Hs52HINZO
755.33

0.20 x 0.20 x 0.20
Monoclinic
P2i/c
9.82720(10)
20.25430(10)
18.5991(3)

90
100.7380(10)
90

3637.20(7)

4

1.379

2.899

1544

181(2)

1.50 to 23.26°
9<h<10
-18<k<21
20110
11381

4935

0.0480
4931/0/417
1.276

0.0477 / 0.0912
0.0570 / 0.0970
0.00069(11)
0.588 / -1.046

Zr)

98042
Ca4HegN40O2Si6Zr2
1036.00

0.28 x 0.24 x 0.13
Triclinic

P1

13.328(4)
14.964(4)
18.212(3)
100.217(12)
103.932(14)
114.90(2)
3032.9(13)

2

1.134

0.494

1080

188(2)

1.58 t0 23.26°
-14<h<14
-13<k<16
201516
12202

8370

0.0357
8361/0/523
0.936
0.0431/0.1174
0.0548 / 0.1415

0.546 / -0.455
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[MesNON]JHfNpa,,

TaMey

96205
Ci18Hi4F1oN3Ta
643.27
0.33x0.32x 0.28
Monoclinic
P2i/n
10.70300(10)
14.83590(10)
12.98420(10)
90
111.4020(10)
90

1919.57(3)

4

2.226

5.832

1224

183(2)

2.12 to 23.25°
-11<h<9
-1<k<16
-13<1< 14
6076

2716

0.0416
2716/0/290
1.126

0.0292 / 0.0750
0.0306 / 0.0775
0.0049(3)
0.916/ -2.064
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Table A.2. Crystal data and structure refinement for {[ATFN,;NH]TaMe; } {MeB(CgFs)3}
(toluene solvate), [MesNoNH]ZrMe,, and [MesNaNMe]ZrMey.

compound
identification code
formula

formula weight
crystal size (mm)
crystal system
space group

a (A)

b (A)

c (A)

a (%)

B

Y

Vv (A3)

yA

density calcd. (Mg/ m3)
p (mm-1)

F (000)

T (K)

0 range (w scans)

limiting indices

reflections collected
independent reflections
Rint

data / restr. / parameters
goodness-of-fit on F2
R1/wR2 [I>20(1)]
R1/wR2 (all data)
extinction coefficient

max / min peaks (eA-3)

TaMest
96212

Cy4Hy5BFp5N3Ta

1262.43

0.21x0.18 x 0.13

Orthorhombic
Pbca
24.1706(5)
15.1650(2)
24.4337(5)
90

90

90

8956.1(3)

8

1.873

2.597

4904

183(2)

1.67 to 20.00°
-26<h<18
-16<k<14
-27<1<26
25514

4182

0.0641
4154/0/ 663
1.463

0.0775 / 0.1525
0.0842/0.1621
0.00002(3)
0.981/-1.162

[MesN>NH]ZrMe)
98213
C34.50H49N3Zr
596.99

0.24 x 0.12 x 0.08
Monoclinic
P2i/c
18.740(11)
10.874(5)
17.541(7)

90

110.54(4)

90

3347(3)

4

1.185

0.353

1268

183(2)

2.20 to 19.99°
-20<h<18
-12<k<12
-14<1<19
9623

3122

0.1190
2977/0/353
1.118

0.0692 / 0.1565
0.0945/0.1759
0.0031(5)
0.577/-0.354
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[MesNoNMelZrMes
98186
CasH39N3Zr
472.81
0.12x0.12x 0.12
Orthorhombic
Pnma
13.1319(8)
24.1909(14)
7.9669(5)

90

90

90

2530.9(3)

4

1.241

0.449

1000

192(2)

1.68 to 23.27°
-14<h<14
-26<k<16
-8<1<8

9643

1869

0.0990
1867/0/ 140
1.130

0.0526 / 0.1244
0.0814 / 0.1543
0.0000(8)
0.428 /-0.390
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Table A.3. Atomic coordinates (x104) and equivalent isotropic displacement parameters
(A2x103) for [MesNON]JHfNp;. U(eq) is defined as one third of the trace of the orthogonalized

Uj; tensor.

Atom X y V/ U(eq)
Hf 2141(1) 2036(1) 889(1) 22(1)
O 3353(5) 2488(3) 41(3) 27(1)
N(1) 1445(6) 3006(3) 607(3) 25(1)
N(2) 4186(6) 1692(3) 1102(3) 24(1)
C(1) 910(8) 1312(4) 150(4) 27(2)
CQ2) 945(8) 1082(4) -646(4) 29(2)
C@3) -283(9) 650(4) -937(4) 42(2)
C@4) 227009) 679(4) -658(5) 42(2)
C(o) 901(9) 1678(4) -1143(4) 38(2)
C(6) 1568(8) 1926(4) 1985(4) 34(2)
C) 472(9) 1518(5) 2254(4) 38(2)
C(8) 389(10) 1661(5) 3048(4) 52(3)
C) -848(24) 1440(13) 1783(11) 55(8)
C@10) 430(48) 820(16) 2130(24) 168(29)
C@1u) 372(8) 3319(4) 931(4) 27(2)
C12) -1018(9) 3245(4) 579(4) 33(2)
C@13) -2055(9) 3528(5) 898(5) 40(2)
C14) -1753(9) 3901(4) 1535(5) 39(2)
C(15) -362(10) 3983(4) 1846(4) 39(2)
C@16) 711(9) 3696(4) 1571(4) 32(2)
C21) 2081(8) 3429(4) 160(4) 26(2)
C(22) 1718(9) 4081(4) -2(4) 37(2)
C(23) 2466(10) 4456(4) -414(5) 45(2)
C(24) 3580(10) 4187(5) -663(5) 45(2)
C@25) 3947(8) 3528(5) -523(4) 37(2)
C(26) 3173(8) 3161(4) -131(4) 27(2)
C@31) 4955(7) 1683(4) 531(4) 25(2)
C@32) -4493(7) 2100(4) -61(4) 30(2)
C@33) 4981(8) 2072(4) -712(4) 34(2)
C(34) 6074(9) 1638(4) -751(5) 42(2)
C@395) 6607(8) 1249(4) -156(5) 38(2)
C(@36) 6062(8) 1271(4) 483(4) 33(2)
C@41) 4872(7) 1397(4) 1789(4) 22(2)
C42) 4817(8) 713(4) 1913(4) 31(2)
C43) 5526(8) 461(4) 2573(4) 33(2)
C44) 6288(8) 855(4) 3103(4) 36(2)
C(45) 6318(8) 1530(4) 2967(4) 35(2)
C(46) 5633(8) 1810(4) 2320(4) 31(2)
C(121) -1404(9) 2867(5) -130(5) 43(2)
Cc(141) -2891(10) 4213(5) 1866(6) 58(3)
C(161) 2201(9) 3793(4) 1934(5) 43(2)
C@421) 4024(10) 251(4) 1340(5) 48(2)
C441) 7101(9) 561(5) 3801(5) 48(2)
C(461) 5730(10) 2536(4) 2192(5) 49(3)
C(9") 13106(30) 809(18) 2326(21) 61(8)
C(10Y -883(27) 1942(20) 1842(19) 104(13)
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Table A.4. Atomic coordinates (x104) and equivalent isotropic displacement parameters
(A2x103) for [BdeNON][BdeNON']Zr2(CH;SiMe3)a. U(eq) is defined as one third of the trace of
the orthogonalized Uj; tensor.

Atom X y z U(eq)
Zr(1) -2665(1) 9598(1) 7690(1) 31(1)
Zr(2) -1796(1) 8128(1) 6345(1) 32(1)
Si(1) -5730(1) 8654(1) 6957(1) 46(1)
Si(2) -3758(1) 7403(1) 7484(1) 36(1)
Si(3) -1571(1) 11571(1) 6915(1) 48(1)
Si(4) 787(1) 10497(1) 6870(1) 45(1)
Si(5) -3970(1) 7290(1) 4387(1) 55(1)
Si(6) -1211(1) 5946(1) 5648(1) 54(1)
o) -730(2) 10048(2) 8485(2) 32(1)
0Q) -2673(2) 10419(2) 8928(2) 37(1)
N(1) -4261(3) 9657(3) 7432(2) 41(1)
N(2) -3129(3) 8500(3) 8306(2) 33(1)
NQ@3) -1451(3) 11133(3) 7737(2) 38(1)
N@4) -241(3) 9470(3) 7086(2) 38(1)
C(1) -5415(4) 6808(4) 7099(3) 51(1)
CQ2) -5910(4) 7324(4) 6568(3) 49(1)
C(@3) -200(5) 11957(4) 6654(3) 63(1)
C@4) 44(5) 11104(4) 6269(3) 60(1)
C(5) -2413(4) 8113(4) 5089(3) 47(1)
C(6) -1820(4) 6595(3) 6235(3) 41(1)
cy) 35(3) 11140(3) 8794(2) 32(1)
C12) -407(3) 11695(3) 8408(3) 37(1)
C(13) 260(4) 12775(4) 8733(3) 50(1)
Cc(14) 1313(4) 13254(4) 9370(3) 55(1)
C(15) 1737(4) 12663(4) 9712(3) 51(1)
C(16) 1101(4) 11592(3) 9425(2) 40(1)
cQa7) -6495(4) 8620(5) 7692(3) 66(2)
C(18) -6487(5) 8858(5) 6038(3) 69(2)
C(21 -206(3) 9410(3) 8444(2) 29(1)
C(22) 95(3) 9176(3) 7775(2) 34(1)
C(23) 643(4) 8556(4) 7792(3) 46(1)
C(24) 824(4) 8157(4) 8411(3) 56(1)
C(25) 472(4) 8370(4) 9039(3) 48(1)
C(26) -42(4) 9005(3) 9053(2) 39(1)
Cc@27) -3319(5) 6414(4) 7712(3) 52(1)
C(28) -3126(3) 8106(3) 6818(2) 36(1)
C(@31) -3441(3) 8686(3) 8971(2) 33(1)
C(32) -3232(3) 9695(3) 9306(2) 37(1)
C(32) -2878(5) 11979(4) 9226(3) 54(1)
C@33) -3547(4) 9959(4) 9947(3) 47(1)
C@34) -4091(5) 9202(4) 10273(3) 55(1)
C(@35) -4304(4) 8210(4) 9963(3) 50(1)
C(36) -3982(4) 7950(4) 9317(3) 43(1)
C@37) -1838(6) 12717(5) 7053(4) 78(2)
C(38) -2895(5) 10490(4) 6076(3) 65(2)
C4l) -3220(4) 11016(3) 8706(3) 41(1)
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C(43)
C(44)
C45)
C(46)
C47)
C(48)
C(51)
C(52)
C(53)
C(61)
C(62)
C(63)

-3415(5)
-4258(5)
-4563(5)
-4049(4)
2021(4)
1359(5)
-4815(5)
-4740(5)
-4038(6)
-1736(8)
-1718(8)
412(6)

12536(4)
12149(5)
11212(4)
10606(4)
11478(5)
9924(5)
8014(5)
6051(4)
6890(6)
5817(7)
4591(6)
6634(7)
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8987(4)
8240(4)
7710(3)
7930(3)
7783(3)
6194(3)
4441(4)
4613(3)
3331(3)
4570(4)
5674(5)
6048(6)

Appendix

63(1)
70(2)
57(1)
43(1)
70(2)
69(2)
87(2)
66(2)
101(3)
112(3)
107(3)
154(5)
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Table A.5. Atomic coordinates (x104) and equivalent isotropic displacement parameters
(A2x103) for [ArFN;N]TaMes. U(eq) is defined as one third of the trace of the orthogonalized Uj;

tensor.

Atom X y z U(eq)
Ta(1) 1338(1) 2096(1) 1138(1) 27(1)
F(11) 904(4) 3158(2) 2415(3) 40(1)
F(12) 387(4) 4117(2) 3980(3) 46(1)
F(13) 23(4) 3256(3) 5716(3) 49(1)
F(14) 157(4) 1417(3) 5806(3) 57(1)
F(15) 646(4) 464(3) 4302(3) 54(1)
F(21) 1174(4) 3659(2) 591(3) 39(1)
F(22) 1310(4) 5355(2) -97(3) S1(D)
F(23) 2009(4) 5654(3) -1908(3) 60(1)
F(24) 2517(4) 4205(3) -2988(3) 59(1)
F(25) 2362(4) 2538(3) -2353(3) 49(1)
N(1) 1169(5) 1360(3) 2450(4) 32(1)
N(2) 1681(5) 2189(3) -334(4) 33(1)
N(@3) 1618(5) 839(3) 790(4) 34(1)
Cc() 1217(8) 381(4) 2422(5) 47(2)
C(2) 1842(8) 118(5) 1597(6) 54(2)
C@3) 1736(7) 1350(4) -932(5) 39(1)
Cc@4) 2095(7) 605(4) -105(5) 42(2)
C(5) 3274(6) 2683(5) 2153(5) 40(1)
C(6) -830(6) 2374(5) 439(5) 44(2)
C(1) 722(6) 2711(4) 3286(5) 32(1)
C(12) 467(6) 3215(4) 4065(5) 33(1)
Cc(13) 285(6) 2786(4) 4939(5) 35(2)
C(14) 365(6) 1864(5) 4978(5) 38(1)
C(@15) 630(6) 1370(4) 4179(5) 35(1)
C(16) 853(5) 1777(4) 3283(5) 32(1)
C(21) 1508(6) 3791(4) -329(4) 33(1)
C(22) 1557(6) 4659(4) -657(5) 37(1)
C(23) 1890(6) 4812(4) -1576(5) 42(2)
C(29) 2150(6) 4072(5) -2109(5) 43(2)
C(25) 2080(6) 3201(5) -1759(5) 36(1)
C(26) 1759(6) 3021(4) -822(5) 29(1)
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Table A.6. Atomic coordinates (x104) and equivalent isotropic displacement parameters
(A2x103) for {[ArFN,NH]TaMe;} {MeB(C¢Fs)3}(toluene). U(eq) is defined as one third of the
trace of the orthogonalized Uj; tensor.

Atom X y z U(eq)
Ta(l) 1557(1) 2732(1) 3741(1) 42(1)
F(12) 616(6) 4275(8) 4518(5) 79(4)
F(13) -473(6) 4222(11) 4726(5) 118(6)
F(14) -970(5) 2657(13) 4958(5) 128(6)
F(15) -365(6) 1140(10) 4961(5) 109(5)
F(16) 719(5) 1220(7) 4741(5) 79(4)
F(22) 2097(4) 1260(7) 2600(4) ; 66(3)
F(23) 2087(4) 1399(8) 1504(5) 82(4)
F(24) 2218(4) 3033(8) 1036(4) 72(3)
F(25) 2337(4) 4461(9) 1668(4) 72(3)
F(26) 2336(4) 4319(7) 2768(4) 59(3)
F(32) 150(5) 2282(8) 7655(4) 80(4)
F(33) -385(7) 1992(10) 8591(5) 119(5)
F(34) -1355(6) 2810(9) 8819(5) 104(4)
F(35) -1799(5) 3904(9) 8039(5) 88(4)
F(36) -1322(4) 4111(8) 7084(5) 74(3)
F(43) 892(5) 5662(8) 7690(5) 94(4)
F(44) 1530(5) 5915(8) 6799(6) 98(4)
F(45) 90(4) 4469(7) 7693(4) 70(3)
F(45) 1379(5) 4884(9) 5895(5) 87(4)
F(46) 599(4) 3653(8) 5889(4) 69(3)
F(52) 919(4) 2450(5) 6780(5) 64(3)
F(53) 1171(5) 790(8) 6525(6) 105(5)
F(54) 398(5) -330(8) 6139(5) 77(3)
F(55) -658(5) 247(7) 6023(5) 80(4)
F(56) -938(4) 1869(7) 6304(4) 66(3)
N() 1289(5) 2756(10) 4500(5) 44(4)
N(2) 2242(5) 2706(10) 3296(5) 45(4)
N@3) 2297(6) 2822(19) 4317(7) 126(10)
Cc) 1602(8) 2824(15) 5023(8) 70(6)
C@1S) 2104(8) 1(12) 4926(9) 55(5)
C(2) 2181(8) 2690(13) 4869(7) 54(5)
C(2S) 1971(8) 4(15) 4401(10) 67(6)
C@3) 2816(8) 2708(18) 3487(8) 85(8)
C(395) 2334(14) 148(16) 3995(10) 84(8)
CcC@) 2817(7) 2664(12) 4086(7) 50(5)
C@4S) 2876(15) 323(13) 4130(14) 92(11)
C() 1139(7) 3789(11) 3363(7) 46(5)
C(5S) 3020(9) 310(14) 4665(16) 86(9)
C(6S) 2639(11) 160(13) 5059(10) 71(6)
C(6) 1134(7) 1635(12) 3430(8) 59(6)
C(7S) 1691(9) -176(16) 5366(10) 100(8)
c@an 693(7) 2727(14) 4599(6) 42(5)
C(12) 387(8) 3485(18) 4611(7) 59(6)
C(13) -171(12) 3476(21) 4710(7) 77(8)
Cc(14) -428(10) 2736(27) 4850(9) 83(8)
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C(15)
C(16)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(31)
C(32)
C(33)
C(34)
Cc(35)
C(36)
C(41)
C(43)
C(44)
C(45)
C(45)
C(46)
C(51)
C(52)
C(53)
C(54)
C(55)
C(56)

C()

-151(10)
428(9)
2200(6)
2143(6)
2144(7)
2223(8)
2275(7)
2261(7)
-569(7)
-354(8)
-613(9)
-1111(9)
-1327(8)
-1068(7)
290(7)
814(8)
1124(8)
1056(8)
403(7)
640(7)
-21(7)
510(7)
646(8)
264(8)
-272(8)
-389(7)
-234(8)
-615(7)

1939(17)
1960(12)
2809(13)
2078(12)
2142(20)
2916(24)
3677(16)
3590(13)
3155(12)
2628(13)
2516(11)
2934(12)
3443(13)
3549(12)
3991(12)
5167(13)
5276(12)
4765(15)
4527(12)
4140(12)
2303(11)
1925(11)
1057(14)

515(13)

799(13)
1652(14)
3282(14)
3707(12)
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4853(7)
4733(7)
2729(8)
2383(10)
1817(10)
1593(8)
1916(11)
2475(8)
7309(6)
7725(8)
8211(8)
8327(9)
7928(8)
7439(8)
6795(7)
7251(10)
6797(11)
6349(9)
7234(8)
6362(7)
6527(7)
6579(7)
6456(9)
6245(8)
6204(8)
6341(7)
6721(9)
6229(7)

Appendix

58(6)
50(5)
43(5)
51(5)
68(7)

78(10)
62(6)
41(5)
41(5)
51(5)
50(5)
56(6)
51(5)
47(5)
44(5)
60(6)
62(6)
60(6)
46(5)
44(5)
37(4)
43(5)
63(6)
52(5)
52(5)
47(5)
46(6)
54(5)
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Table A.7. Atomic coordinates (x104) and equivalent isotropic displacement parameters
(A2x103) for [MesNoNH]ZrMe;. U(eq) is defined as one third of the trace of the orthogonalized

Uj;j tensor.

Atom X y z U(eq)
Zr(1) 2621(1) 5782(1) 4566(1) 34(1)
N(1) 2552(4) 6419(6) 5666(4) 38(2)
N(2) 2666(4) 6465(6) 3465(4) 35(2)
NQ@3) 2390(5) 7950(6) 4486(4) 54(2)
C(1) 2602(5) 8509(8) 5286(5) 39(2)
C(2) 2411(6) 7681(8) 5863(5) 56(3)
C@3) 2665(6) 8552(8) 3905 (5) 48(3)
C@) 2546(6) 7741(8) 3186(6) 59(3)
C(5) 3663(5) 4581(8) 4995(5) 48(3)
C(6) 1667(6) 4387(8) 4160(6) 56(3)
Cc@1y 2603(5) 5592(8) 6329(5) 37(2)
C(12) 3307(6) 5353(8) 6925(6) 43(2)
C(13) 3355(6) 4526(8) 7551(5) 43(3)
C(14) 2737(7) 3951(8) 7603(5) 51(3)
C(15) 2037(6) 4206(8) 7020(6) 44(2)
C(16) 1950(5) 5028(8) 6385(5) 41(2)
C(21) 2756(5) 5640(7) 2866(5) 32(2)
C(22) 3504(5) 5367(8) 2871(5) 38(2)
C(23) 3569(6) 4550(8) 2283(6) 46(3)
C(24) 2950(6) 3980(7) 1712(5) 38(2)
C(25) 2240(6) 4287(8) 1710(5) 44(2)
C(26) 2124(5) 5094(8) 2267(5) 33(2)
c@z21) 4012(6) 6014(9) 6924(5) 62(3)
C(141) 2809(7) 3046(9) 8297(6) 73(4)
C(161) 1167(6) 5325(10) 5794(6) 69(3)
C(221) 4183(5) 6006(10) 3451(6) 60(3)
C(241) 3063(6) 3072(9) 1114(6) 65(3)
C(261) 1315(5) 5447(9) 2188(6) 58(3)
C(1S) -702(7) 4872(12) 1088(11) 89(4)
C(25) -643(7) 4460(18) 1867(9) 88(4)
C(3S) -366(10) 3299(25) 2114(11) 125(7)
C@S) -199(9) 2531(19) 1605(17) 136(7)
C(55) -265(8) 2906 (17) 835(12) 104(5)
C(6S) -523(6) 4068(15) 589(7) 74(4)
C(S) -956(8) 6078(13) 832(10) 133(6)
C(8S) 5068(8) 3839(20) 9622(10) 117(6)
C9S) 5321(8) 5067(23) 9406(10) 115(6)
C(10S5) 5245(10) 6133(20) 9787(13) 125(7)
C(115) 5105(17) 2831(24) 9321(18) 88(9)
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Table A.8. Atomic coordinates (x104) and equivalent isotropic displacement parameters
(A2x103) for [MesNoNMe]ZrMe;. U(eq) is defined as one third of the trace of the orthogonalized

Uj; tensor.

Atom X y z U(eq)
Zr(1) 8124(1) 7500 1251(1) 41(1)
N(1) 8595(3) 6685(2) 816(5) 49(1)
N(2) 9648(4) 7500 -348(7) 46(2)
C(1) 7925(6) 7500 4044(9) 59(2)
C2) 6503(6) 7500 283(11) 60(2)
Cc(3) 9292(6) 7500 -2138(10) 85(3)
c@) 10238(4) 6999(3) -29(9) 74(2)
C(5) 9525(4) 6501(2) -4(8) 60(2)
Cc1un 7949(4) 6239(2) 1356(6) 49(1)
C(12) 8056(4) 6008(2) 2954(7) 54(1)
C(13) 7389(6) 5598(3) 3473(8) 70(2)
C(14) 6621(5) 5401(2) 2463(9) 65(2)
C(15) 6546(4) 5612(2) 850(8) 60(2)
C(16) 7197(4) 6021(2) 280(7) 52(1)
c1z21) 8917(5) 6182(3) 4105(8) 82(2)
C(141) 5886(5) 4964(3) 3096(10) 99(2)
C(151) 7090(5) 6216(3) -1524(7) 70(2)

Symmetry transformations used to generate equivalent atoms:
#1 x, -y+3/2, z
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